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ABSTRACT OF THESIS 

A DETAILED PARAMETERIZATTON 

OF THE ATMOSPHERIC BOUNDARY LAYER 

A one-dimensional parameter ized model of t h e  p l a n e t a r y  boundary 

l a y e r  (PBL) i s  developed and t e s t e d .  The model p r e d i c t s  l a y e r  aver-  

aged v a l u e s  of wind, t empera tu re  and m o i s t u r e  under both s t a b l e  and 

u n s t a b l e  c o n d i t i o n s  by assuming s t a n d a r d  p r o f i l e  shapes  ( i . e ,  t h e  
I 

I I  jump&odelu p r o f i l e  f o r  u n s t a b l e  c o n d i t i o n s  and l i n e a r  p r o f i l e s  f o r  

s t a b l e  c o n d i t i o n s ) ,  A p r e d i c t i v e  e q u a t i o n  i s  developed f o r  t h e  un- 

s t a b l e  PBL h e i g h t  z and a new d i a g n o s t i c  e q u a t i o n  i s  used f o r  t h e  
i' 

s t a b l e  z T r a n s i t i o n  between s t a b l e  and u n s t a b l e  regimes i s  ac- 
i' 

complished by t h e  model wi thou t  d i f f i c u l t y ,  The model i n c o r p o r a t e s  

a  d e t a i l e d  s u r f a c e  energy  budget--shown t o  be  of v i t a l  importance t o  

an a c c u r a t e  q u a n t i t a t i v e  d e s c r i p t i o n  of t h e  PBL. The s i i r face  is  

assumed t o  be  a l a y e r  of f i n i t e  mass w i t h i n  which t h e  mean " i n t e r f a c e  

l a y e r "  t empera tu re  i s  p r e d i c t e d .  New p a r a m e t e r i z a t i o n s  f o r  evapora- 

t i o n  and s o i l  h e a t  f l u x  a r e  c o n s t r u c t e d  and shown t o  work w e l l  under 

a  wide range  of c o n d i t i o n s ,  

The model i s  t e s t e d  a g a i n s t  d a t a  from O 'Nei l l ,  Nebraska and from 

t h e  Wangara exper iment ,  and i t  is compared w i t h  o t h e r  models of t h e  

PBL. R e s u l t s  show t h a t  t h e  model s i m u l a t e s  t h e  o b s e r v a t i o n s  w e l l ,  

and t h a t  i t  i s  eq.ual o r  s u p e r i o r  t o  t h e  o t h e r  models examined. Sen- 

s i t i v i t y  t e s t s  and e x p l o r a t o r y  t e s t s  of t h e  model were performed. Tn 

t h e s e  i t  is  shown t h a t  t h e  PBL i s  v e r y  s e n s i t i v e  t o  changes i n  para- 
I 

me te r s  such a s  t h e  mass of t h e  l a y e r  a t  t h e  s u r f a c e ,  t h e  d i f f e r e n c e  



betweenlrhe c h a r a c t e r i s t i c  he igh t s  f o r  moisture ( z  ) and momentum (z  ) ,  
q 0 

t h e  amount of dew present  a t  dawn, and t h e  s o i l  mois ture  content .  

During t e s t i n g  of t h e  O 'Nei l l  gene ra l  observa t ion  period 5 case  i t  was 

found t h a t  t h e  PBL could not  be  s imulated accu ra t e ly  without ac- 

counting f o r  some r a t h e r  s t rong  mois ture  advection. A search  f o r  

moisture sources revealed no r ecen t  r a i n s  upstream, however a n  ex- 

t ens ive  a r e a  of i r r i g a t e d  cropland was found t o  e x i s t .  A s a  r e s u l t  

t e s t s  were run  which s imulated a "patchy" i r r i g a t e d  su r f ace  conta in ing  

20% s a t u r a t e d  s o i l  and 80% dry  s o i l .  This  t e s t  sin6ulates t h e  ob- 

s e rva t ions  accu ra t e ly  and shows t h a t  such land use- has a remarkably 

l a r g e  e f f e c t  on t h e  uns t ab le  boundary l a y e r ,  even 2% hours downstream 

from t h e  nea re s t  i r r i g a t i o n .  Such t e s t s  a r e  u s e f u l  i n  s tudying man's 

inadver ten t  modi f ica t ion  of t h e  weather through land use  p a t t e r n s .  
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I. INTRODUCTION 

Mesoscale disturbances in the atmosphere interact with both the 

large scale atmospheric flow and with the smaller scale motions which 

dominate the layer of air near the earth's surface. In a numerical 

model of a mesoscale system, the largest part of the computer space- 

time obviously must be devoted to the mesoscale flow itself, but 

accurate input from the larger and smaller scales is also necessary 

for an accurate simulation of a real situation. There has been 

much interest recently in the development of good but simple 

representations of the longer and shorter scales of motion as the 

I 
study of the mesoscale has burgeoned. This thesis presents a 

parameterization of the small scale (the motions within the planetary 

boundary layer) which is detailed and accurate but relatively 

simple and quick. It is intended for use in those meso- and large- 

scale models where the quantitative result is important. 

I 
Representation of the small scale is especially desirable for 

mesoscale motions over inhomogeneous surfaces. There the larger scale 

takes on secondary importance. If a region under study contains 

mountains, or a land-water boundary, or adjoining urban and rural 

I 
a characteristic mesoscale pattern is observable within almost 

all types of large scale flow. The pattern results from heating 

and frictional differences which occur across the heterogeneous 

terrain. For example, Dirks (1969) identified a mountain-plains 

circulation in the lee of the Colorado Rockies and simulated it 

numerically. Later Wetzel (1973), examining a large body of observa- 

tional data, confirmed the existence of this diurnal circulation and 



showed that it had an effect on the formation, growth, and motion 

of convective systems in the area. He also showed that this topo- 

graphically induced flow could be identified on two thirds of all 

summer days in the area. As another example of the dominance of 

surface effects on mesoscale flow, Hsu (1969), studying the sea 

breeze of the Texas Gulf coast, found that the sea breeze effect is 

virtually always present and discernable from other-scale influences. 

It is in these kinds of topographically dominated situatio~s where it 

is most important to depict the earth's surface and the boundary 

layer precisely. I 
The model developed in this study is designed ,to provide accurate 

lower boundary conditions for mesoscale models, and should be 

particularly useful for the simulation of topographically induced 

flows. Some of the notable or distinctive features of this model are: 

1). Vertically averaged values of wind, virtual potential 

temperature, and mixing ratio are used. Two atmospheric 

values for each are predicted--one for the surface layer 

and one for the mixed layer. 

2).  Both the daytime (unstable) and night time (stable) 

boundary layers are modelled and there is a smooth 

transition between the two. 

3 ) .  The modelled surface layer of variable depth contains 

freely varying vertical profiles of heat and momentum flux. 

4). The use of eddy diffusivity (exchange coefficients) is 

avoided, so that gradients in the boundary layer can 

be of either sign or zero. 



5 ) .  An acckrate prognostic equation for surf ace temperature 

has been developed which includes parameterized ground 

heat flux and evaporation, and which embraces a detailed 

radiation balance. 

6 ) .  The model formulation lends itself to use of Ekman layer 

resistance law formulation if and when sufficient obser- 

vational data have been collected to set reliable values 

of the empirical constants. 

7 ) .  A new simple prognostic equation for the height of the 

unstable boundary layer is presented, which is more 

general and appears to be more accurate than 

existing formulations. 

8). Condensation is permitted at the top of the boundary 

layer. The height of cloud base is calculated when 

a cloud exists, and its existance is crudely accounted 

for in the radiation calculations. 

9). The shortwave incoming radiation calculation includes 

consideration of the slope vector of the surface. 

10). The model is numerically simple with no apparent 

theoretical maximum time step; and it is reasonably fast. 

11). Under a wide range of conditions, the model has compared 

favorably with observations as well as with the results 

of many other models. 

The long range goals for the development of this model are first 

to enable the mesoscale modeller to closely describe the development 

of mesoscale systems, particularly severe convective storms, squall 

lines, etc., which are at least in part controlled by topographic 



effects, and secondly, to eventually realize operational forecasts 

of the location and time of such storms. 



11. PREVIOUS WORK 

Although t h e  s tudy of t h e  atmospheric boundary l a y e r  stems from 

t h e  work of Ekman and o t h e r s  e a r l y  i n  t h e  century ,  i t  has only  been 

i n  t h e  l a s t  decade t h a t  t h e  s tudy  of t h e  d i a b a t i c  boundary l a y e r  has  

come i n t o  i t s  own. I n  a d d i t i o n ,  very  r ecen t  work has given some 

minimal cons ide ra t ion  t o  t h e  b a r o c l i n i c  boundary l a y e r .  The i n t e n s i -  

f i e d  s tudy  of t h e  atmospheric boundary l a y e r  co inc ides  wi th  growing 

i n t e r e s t  i n  mesoscale systems, t h e i r  evolu t ion ,  and t h e i r  i n t e r -  

a c t i o n  wi th  t h e  l a r g e  s c a l e .  

An important determinant  of t h e  d i a b a t i c  boundary l a y e r  behavior 

is t h e  su r f ace  energy budget. A v a s t  quan t i t y  of l i t e r a t u r e  d i scusses  

t h i s  equat ion and i t s  ind iv idua l  components. Munn (1966) gives a  

comprehensive review of t h e  s u b j e c t ,  and a  r ecen t  pub l i ca t ion  

(Monteith, 1975) covers t h e  vegetated i n t e r f a c e  i n  g rea t  d e t a i l .  

Study of t he  atmopheric s u r f a c e  l a y e r  d a t e s  back t o  P rand t l  

(1932) who discussed t h e  l i m i t i n g  cases  of n e u t r a l  and f r e e  con- 

vec t ion  wind p r o f i l e s .  The modern t reatment  of t h e  d i a b a t i c  su r f ace  

l a y e r  o r ig ina t ed  i n  an  outs tanding  paper by Obukhov (1946) which 

was no t  gene ra l ly  known t o  t h e  s c i e n t i f i c  community u n t i l  t h e  

pub l i ca t ion  of a l a t e r  paper (Monin and Obukhov, 1954). I n  t h e  

o r i g i n a l  paper Obukhov f i r s t  der ived t h e  func t iona l  form of t h e  

d i a b a t i c  wind p r o f i l e  which came t o  be known a s  t h e  KEYPS formula. 

I t  was l a t e r  der ived independently by s e v e r a l  au thors  (Kazansky 

and Monin, 1956; E l l i s o n ,  1957; Yamamoto, 1959; Panofsky, 1961; 

S e l l e r s ,  1962). More r e c e n t l y  an  empir ica l  formulat ion,  t he  so- 

c a l l e d  Businer-Dyer p r o f i l e s  (Businger e t  a l . ,  1971; Dyer and Hicks, 



1970; Dyer, 1974), has come into general acceptanhe and rather wide 

use. There is still, however, some discu'ssion of the proper form 

for profiles under very stable conditions (Webb, 1970; Hicks, 1976). 

Also numerous other profiles throughout the stability range have 

been proposed (see for example Pruitt et al., 1973). 

I Above the surface layer, a great deal of discusYion has centered 

upon the unstable boundary layer structure and behavior. Particularly 

in the last five years, the unstable, well mixed layer cabped by an 

inversion has received a great deal of attentton, while the stable 

boundary layer has remained only poorly understood. In a pioneering 

paper, Ball (1960) set forth the basic structure of the unstable 

boundary layer. He presented a simple model which has come to be 

known as the "jump" model, in which the capping inversion layer is 

assumed to be infinitesimally thin. The jump model was later 

developed in detail by Tennekes (1973), Betts (1973), and Carson 

(1973). Deardorff (1973) found the jump model useful in explaining 

the observed stress profiles in the unstable boundary lay r. Dis- I 
cussion continues as to the proper way to express the rat1 of 

I 

entrainment of heat and mass through the capping inversion 

(Zilitinkevich, 1975; Tennekes, 1975). Stull (1973; 1976a,b,c) 

defines a vertical velocity of the inversion due to entrainment, 

w and he attempts to evaluate w on the basis of detailed physical 
e ' e 

arguments. Zeman and Tennekes (1977) have developed an elegant 

inversion model based on the turbulent kinetic energy equation. 

Finally the jump model has been extended to stratus-topped boundary 

layers by Lilly (1968), who was expanding on the work of Ball (1960), 



and by ~dardorff (1976) who removed many of the objections to 

Lilly's work, 

In miscellaneous other discussions of the theory of boundary 

layer behavior, Hoxit (1973, 1974) and Wyngaard et al. (1974) discuss 

the effect of baroclinicity on the boundary layer. Mahrt and Lenschow 

(1976) have modelled the unstable boundary layer with provision for 

the effects of baroclinicity on the generation of turbulent kinetic 

energy. Kraus and Turner (1967) applied the theory of Ball (1960) 

to the ocean's seasonal thermocline. Businger and Arya (1974) have 

developed a steady state model for the stable boundary layer by 
I 

assuming an expdential decrease of stress with height. Clarke (1970) 

mentions that the very stable boundary layer is the least amenable 

to currently accepted similarity theory. He also finds that u,/f is 

a better scaling factor for wind profiles in the unstable boundary 

layer than is z the height of the inversion. Also discussing i ' 
the problem of scaling, Zilitinkevich (1972) proposes the possibility 

that the scaling factors for wind speed and stress are not the same 

in the unstable boundary layer. 

Another much discussed aspect of planetary boundary layer (PBL) 

theory which, when resolved, will be of great help in parameterizing 

boundary layer processes, is the so-called unified PBL theory, or 

the geostrophic drag and heat transfer laws. This theory attempts 

to relate the large scale or free atmosphere values of wind and 

temperature directly to the fluxes of momentum and heat at the 

earth's surface. There is still much disagreement about proper 

scaling, the value of empirical coefficients, etc. The concept was 

originated by Kazansky and Monin (1960) and was expanded upon in 
I I 



I I 

several early papers (Zilitinkevich and Chalikov, 1968; Gill, 1968; 

Csanady, 1967, 1972; Hess, 1973; Brown, 1974). Discussion of the 

height scaling for wind is far from resolved, with the Australians 

(Clarke and Hess, 1973) claiming u*/f to be a better scale while 

several American and Soviet groups (e.g. Zilitinkevich and Deardorff, 

1974; Arya, 1975) maintain that z is the better scale. There have 
i 

been a number of analyses of observational data in which the values 

of the similarity functions A, B, and C are determined. A, B, and 

C are functions which arise from matching the surface layer and 

outer layer profile equations for the wind components tangential 

and normal to the surface wind, and for the potential temperature 

respectively. They are generally assumed to be some function of a 

nondimensional scale height, the nature of which is in dispute. 

Unfortunately, values differ and some cannot even be compared because 

of differeing methods of scaling and nondimensionalizing the relations. 

Some of the notable analyses are given by Zilitinkevich and Chalikov 

(1968), Deacon (1973), Clarke and Hess (1974), Melgarejo apd 

Deardorff (1974), Arya and Wyngaard (1975), and Zilitenkevich (1975). 

The study by Clarke and Hess also estimates the dependence of the 

values of A and B on baroclinicity. Recently Yamada (1976i) has 

suggested the use of a mean PBL geostrophic wind rather than a free 

atmospheric value to calculate the velocity defect profiles. The 

reduced scatter in plots of A, B, and C vs. stability indicate that 

there may be some advantage to this approach. 

Techniques for modelling and parameterizing the boundary layer 

have developed in conjunction with the broadening base of theory. 

A number of one dimensional grid point models of the boundary layer 



have been developed to study micrometeorological problems. One 

of the earliest is by Estoque (1963) whose model was later revised 

by Krishna (1968). The Estoque model has also been used by McElroy 

(1973) to study the urban heat island. Another model, originally 

applied to the ocean surface, by Pandolfo (1969, 1971) has been 

applied to the urban heat island by Atwater (1972). Sasamori (1970) 

developed a boundary layer model with emphasis on the processes of 

heat and moisture flow within the soil. 

Many other one dimensional boundary layer grid point models have 

been developed and tested in conjunction with mesoscale and large 

scale three dimensional models (Gadd and Keers, 1970; Delsol et al., 

1971; Hadeen and Friend, 1972; Orlanski et al., 1974; Busch et al., 

1976). The boundary layer parameterization in Pielke (1973) using 

the eddy diffusivity profiles suggested by O'Brien (1970), has produced 

good results. This parameterization has been improved with better 

surface layer parameterization (Mahrer and Pielke, 1975), and a 

surface energy budget (Gannon, 1976). Recently Benoit (1976) has 

developed an excellent treatment of the PBL which includes a treat- 

ment of cumulus and stratocumulus clouds and explicit treatment of 

the surface energy budget. His parameterization was applied to a 

; I ,  
global circulation model. 

In other studies, Clarke (1970), Deardorff (1972b), and Arya 
1 

(1977) have prodosed methods of parameterizing the boundary layer 

in large scale models with coarse vertical resolution. Lavoie (1972), 

with a single layer prognostic model, simulated the Great Lakes 
I 

I snow squalls, which are strongly forced by boundary layer 



characteristics. As is done in the present study', he predicted the 

temporal trend for variables which are averaged vertically through 

the boundary layer. Also using vertically averaged variables, 

Schubert (1976) integrated the cloud-topped jump model of Lilly (1968) 

through a diurnal period, and Albrecht (1977) developed a model of 

tropical oceanic trade wind boundary- and cumulus-layers under sup- 

pressed conditions. The studies of Lavoie, Schubert , and Albrecht 

consider only the unstable boundary layer. ~ 
Finally a number of high-order closure boundary layer models 

of various levels of detail have been developed. Deardorff (1972a, 

1974b) developed a very detailed three dimensional model with fine 

resolution with which he explored the structure of turbulence in 

the unstable boundary layer. A much simpler but accurate model of 

the unstable boundary layer was developed by Wyngaard and Cot6 (1974). 

I I .  
Other discussions of higher order turbulence closure techniques 

are presented by Donaldson (1973), Lumley and Khajeh-Nouri (1974), 

and Mellor and Yamada (1974). The latter paper showed tdat a 

considerable simplification of the full set of Reynolds dquations 

can still yield quite accurate results. A recent paper 
. , 

and Cotton (1977) applies the higher order equation set 

more general problem of turbulence in and around a deep 

The current "state-of-the-art" in application of 'the ~e~dolds 

stress equations to the unstable boundary layer is presented in a 

remarkable paper by Zeman and Lumley (1976) in which it was shown to 

be advantageous to treat the triple correlation terms much more 

explicitly and to parameterize fourth order terms. 



111. MODEL FORMULATION 

I 
There are, in the literature, two basic kinds of formulation used 

to model the boundary layer. The more common type is the grid point 

model in which the vertical gradients of-quantities like wind and 

temperature are evaluated from a number of grid points stacked 

vertically within the boundary layer. The other type of model, of 

which this work is an example, shall be called the layer-averaged 

I I 

model in which some kind of assumption is made about the shape of the 

vertical profiles of wind, temperature, etc. With the exception 

of the high-order closure grid point models where turbulence is 

treated more explicitly, it is not obvious that the grid point 

treatment of the PBL will produce more accurate results. In a first 

! I 
order grid point model, the basic prognostic equation for an 

arbitrary variable X is 

I 
where K is the turbulent eddy diffusivity for X, and Q represents all 

other sources and sinks of X. The crux of the problem becomes 

prescribing the value of K. This may be done, for example, by 

assuming a functional form of the K profile such as that proposed 

by O'Brien (1970). The difficulty with this method arises when 

3/32 changes sign within the boundary layer, as is the case with 8 

in the unstable PBL. In this case the true value of K becomes 

infinite at some point within the boundary layer, and elsewhere can 

be of either sign. The grid point model typically assumes a 



continuous positive K, and thus forces ;C(./az to maintain the 

I t  ' 
same sign throughout the PBL. 1 

I , ilailgas,: a 
On the other hand, the layer-a $%!el is formulated with 

8 I ,  I 1 ,  
where one directly models the mean ver'tical gddy flux of 

"an equation in the more direct form I .. 
A *  C f  

form a vertical grid is not needed within the PBL (see below) if 

an assumption is made about the vertical profile of w'X1. Also, 

I :, 

1 

since wlX' is a much better behaved quantity than K, we should 

introduce less error by assuming a w'X1 profile than is introduced 

by assuming a K profile. The development of this method will be 

discussed in detail later in this chapter. 

The basic domain for our model is a vertical column through the 

atmosphere. Horizontal variations are assumed to be gradual 

enough that the net lateral transport of all quantities is small 

compared to the vertical turbulent transport. The 

the assumption of horizontal homogeneity are dikussed in section 

F. below. The domain is divided into six layers 

which is the soil (see Figure 1). Notice t'ilai ill LlllU IILVIU=I 

vertical grid is used to describe the atmosphere above tde boundary 

k'li 1- rPL . 
layer. T%?S is found to be the most convenient way to describe the 

lapse rates of potential temperature, wind, etc. above the boundary 

layer, which may vary with height. The grid is also L I S . ~ ~ ~  in that it 

allows one to maintain exact conservation of all quantities during 

the processes of entrainment and detrainment through the PBL top. 
I 
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INTERFACE LAYER 

I .  
F i g u r e  1. Modelled PRL s t r u c t u r e  showing r e p r e s e n t a t i v e  

assumed p r o f i 1 . e ~  of v i r t u a l  p o t e n t i a l  t e m p e r a t u r e  and wind 
speed.  

, '  # I  ' 



Dummy g r id  po in t s  a r e  maintained below z f o r  t h e  cases  when t h e  
i 

he igh t  of t h e  boundary l a y e r  top  decreases .  r ,- , I  
,, The equat ions and assumptions applying t o  each l a y e r  i n  Figure 1 

w i l l  be discussed i n  t h i s  chap te r ,  beginning wi,th t h e  s o i l  and 

i n t e r f a c e  l a y e r s  which a r e  t r e a t e d  i n  t he  next s ec t ion .  The 

i f o r  t h e  he igh t  of t h e  boundary l a y e r ,  zi, i n  t h e  subsequeht s e c t i o n ;  

and we consider  o t h e r  a spec t s  of t h e  inve r s ion  and t h e  well-mixed 

fol lowing s e c t i o n  covers  t h e  su r f ace  l a y e r ,  and d i scusses  t h e  

I . ca l cu la t ion  of t h e  tu rbu len t  f l uxes  of hea t  and momentum h t  t h e  

l aye r .  Other s e c t i o n s  d g a l a i t h  t h e  c a l c u l a t i o n s  made a t  each 

of t h e  g r i d  po in t s  i n  t h e  f r e e  atmosphere, t h e  r a d i a t i o n  c a l c u l a t i o n ,  

.;k;surface l a y e r  top  z and a t  z . We de r ive  t h e  prognos t ic  
b 0 

i t the a p p l i c a b i l i t y  t o  non-uniform topography, computational a spec t s  

equat ion 

.$of t h e  model, and a p p l i c a t i o n  t o  a t h r e e  dimensional numerical 

p red ic t ion  model. ! 
A .  The i n t e r f a c e  l a y e r  temperature 

The energy budget of t h e  e a r t h ' s  s u r f a c e  i s  probably t h e  most 

neglected aspec t  of boundary l a y e r  modelling. Most models i n  t h e  

l i t e r a t u r e  d i scuss  t h e  e n t i r e  sub jec t  i n  a s i n g l e  b r i e f  paragraph. 

Some simply spec i fy  t h e  su r f ace  temperature.  During t h e  course of 

t h e  work presented he re ,  i t  has become apparent  t h a t  t h e  su r f ace  

energy budget,  and i t s  var ious  components, a r e  without  doubt t h e  

most important determinants  of t h e  n a t u r e  and behavior of t h e  
1 

i l l  
d i a b a t i c  atmospheric boundary l a y e r  ( s ee  s e c t i o n  1V.B). A s  such, 

- -precise  formulat ion of t hese  energy components i s  imperat ive.  

A good d e a l  of e f f o r t  was expended t o  achieve accu ra t e  va lues  of 



I I 

surface temperatures and energy fluxes under a wide range of condi- 

tions, add the r sultant equations are discussed below. 'i 
: I I  

We have chosen to represent the earth's surface as a layer of 

finite thickness within which the temperature is uniform. This 

approach is supported by the following reasoning. The earth- 

atmosphere interface of almost every naturally occurring land surface 

is a gradual transition zone between packed earth and unobstructed 

air. This being obvious, it is puzzling why the idealized, flat, 

infinitesimally thin interface is assumed in many surface calculations. 

In order to more closely represent reality, we will define an 

"interface layer" which extends from z = 0, where the soil is 

sufficiently compact to be capable of molecular conduction of 

significant amounts of heat, up to some height near the foliage 

canopy top where the air is adequately free to transport substantial 

amounts of heat by convection. In the present model where a 

single temperature describes the interface, it is convenient to 

assume uniform temperature through this interface layer. There is 

some justification for this assumption since the layer is virtually 

always either the warmest or the coldest region of any in the vicinity, 

thus the temperature gradient must change sign and must become zero 

somewhere in the layer. Also, because of radiative interaction 

between."roughness elementsf', the mean temperature gradient within 

the interface layer is usually much less than the temperature 

gradients above and below. There must be, therefore, a comparatively 

uniform temperature through the interface layer. 

, *  ~ , 1 - 2 .  



I J 
As a consequence of the above, we will use a single temperature 

as the boundary condition to calculate both the convective heat 

transfer to the atmosphere and the conduction of heat into the soil. 

In a number of other studies, (see for example Deardorff, 1974; 

Gannon, 1977; Pielke and Mahrer, 1975) the calculated surface tempera- 

ture based on an infinitesimal interface is too high to yield accurate 

convective heat transfer values, and an empirical relation between 

T(0) and T(zo) is imposed. The difference between the two can be 

several degrees. Our use of an average interface temperature and 

more realistic assumptions about the interface obviates the need 

for such a relationship. 1 
I 

The interface layer of finite thickness is not only physically 

realistic, it also lends itself to a simple form of surface energy 

budget equation which is prognostic in surface temperature. To obtain 
I . I  

the equation we combine the first and second laws of thedodynamics 

into the general statement: 

where dS is the change of entropy of a system, Bqrev is the 

reversible equivalent energy entering or leaving the system in all 

forms, de is the change in the internal energy of the system, dW 

is the pressure work done by, or upon the system, and dWAax is 

the maximum (reversible) work other than pressure work which the 

system performs. All terms are assigned dimensions of specific 

(per unit mass) energy. The work terms in Eq. (2) may be neglected 

when compared to the change in internal energy of the finite 

interface layer for several reasons. Air motion is restricted by 



t h e  s o l i d  mat te r  i n  t h e  i n t e r f a c e  l a y e r ,  t h e  t o t a l  mass of a i r  i n  

t h e  l a y e r  is  very  small ,  and t h e  thermodynamic p r o p e r t i e s ,  inc luding  

temperature a s  discussed above, a r e  q u i t e  uniform through t h e  l a y e r .  

I f  t h e  hea t  source term is  d iv ided  i n t o  i t s  most important components 

and t h e  work terms a r e  dropped, Eq. (2 )  becomes 

I 

where t h e  f i v e  terms on t h e  r i g h t  r ep re sen t  n e t  s h o r t  wave, n e t  long 

wave, l a t e n t  energy, s e n s i b l e  h e a t ,  and s o i l  h e a t  flow re spec t ive ly .  

I f  t hese  q u a n t i t i e s  a r e  r e w r i t t e n  i n  terms of hea t  f l u x  per  u n i t  

-2 -1 a rea ,  I& ( f o r  example i n  e rgs  cm s e c  ) ,  we have 

where d t  is t h e  time increment t o  be considered and m is  t h e  mass 

per  u n i t  a r e a  of t h e  i n t e r f a c e  l a y e r .  Neglecting magnetic, atomic, 

and o the r  meteoro logica l ly  unimportant forms of energy, t h e  change 

i n  i n t e r n a l  energy of t h e  l a y e r  may be  w r i t t e n  

\ 

where c is  t h e  layer-averaged s p e c i f i c  hea t  capac i ty  of a l l  ma te r i a l  
s 

i n  t h e  i n t e r f a c e  l a y e r .  S u b s t i t u t i n g  (5) and (4) i n t o  ( 3 )  we reach 

t h e  prognos t ic  form of t h e  i n t e r f a c e  temperature equation,: 



The v a l u e  of (mc ) v a r i e s  w i t h  s u r f a c e  cover .  Genera l ly  
S 

h i g h e s t  v a l u e s  w i l l  occur  on f o r e s t e d  s u r f a c e s  and i n  t h e  " c o n c r e t e  

canyons" of urban c e n t e r s .  The  lowest  v a l u e s  w i l l  be found over  b a r e  

s o i l s  a n d  s o l i d  rock s u r f a c e s ,  ':!e w i l l  d e f i n e  a  q u a n t i t y ,  which w i l l  

be c a l l e d  "biomass". a s  t h e  warer e q u i v a l e n t  mass of m a t e r i a l  i n  t h e  

i n t e r f a c e  l a y e r - - t h a t  i s ,  t h e  amount of mass t h a t  would be p r e s e n t  

-1 y 1  
i f  t h e  s p e c i f i c  h e a t  c a p a c i t y  of t h e  m a t e r i a l  was 1 c a l  gm 

The s i g n i f i c a n c e  of t h e  biomass i s  t h a t  i t  i s  a  cover  of l o o s e  

m a t e r i a l  and p l a n t  m a t t e r  which i s  n o t  w e l l  l i n k e d  t o  t h e  o i l .  It P 
i s  t h e r e f o r e  a  poor conductor  of h e a t  t o  t h e  s o i l ,  and f u n c t i o n s  

a s  a  b u f f e r  r e g i o n ,  accumulat ing h e a t  d u r i n g  warm p e r i o d s  and 

r e l e a s i n g  i t  when t h e  su r roundings  a r e  c o l d .  One would expec t  

s u r f a c e s  w i t h  h i g h  b i o ~ a s s  t o  have somewhat l e s s  extreme v a r i a t i o n s  

of mean i n t e r f a c e  l a y e r  temperature--3nd t h i s  i s  i n  f a c t  observed 

when f o r e s t e d  a r e a s  a r e  compared t o  a d j a c e n t  g r a s s l a n d .  R u t t e r  (1975) 

quo tes  observed biomass v a l u e s ,  a s  d e f i n e d  h e r e ,  r ang ing  from 

around 0.6  cm wate r  e q u i v a l e n t  f o r  a g r i c u l t u r a l  c r o p s ,  0 . 9  f o r  g rass -  

l a n d ,  and between 3 and 5 cm f o r  mature  f o r e s t s .  The e f f e c t  of 

v a r y i n g  biomass i n  t h e  model developed h e r e  h a s  been t e s t e d ,  and t h e  

r e s u l t s  w i l l  be  p resen ted  l a t e r  i n  t h i s  paper .  However w e  w i l l  now 

d i s c u s s  t h e  form taken  by each component on t h e  r i g h t  s i d e  of eq.  ( 6 ) .  

1. The r a d i a t i o n  b a l a n c e  

R a d i a t i o n ,  as t h e  b a s i c  d r i v i n g  f o r c e  of t h e  d i a b a t i c  boundary 

l a y e r ,  is  t h e  most impor tan t  component of t h e  s u r f a c e  energy budget .  

We w i l l  d i s c u s s  t h e  longwave energy b a l a n c e  f i r s t .  The n e t  longwave 

r a d i a t i o n  i s  d i v i d e d  i n t o  incoming and ou tgo ing  v a l u e s .  The incoming 

longwave energy f l u x  (H ) i,s determined a s  a p a r t  of a complete  L 



radiative cooling rate calculation which will be discussed later 

in this chapter. It will suffice to say here that the value calculated 

includes the contribution from both water vapor and carbon dioxide. 

The upward radiation emitted from the interface layer is given by 

I 

where u is the Stefan-Boltzman constant. Many studies assume a value 

of 1 for E, the surface emissivity, on the grounds that the difference 

between observed upward, and calculated blackbody radiation is small. 

When the upward radiation is measured from an atmospheric platform, 

the observed value is actually a combination of emitted and reflected 

radiation (see Yamamoto and Kondo, 1959). Therefore we have 

where %' .E is the apparent radiation emitted by the surf ace. 5'+ 
happens to be close to the black body surface radiation since H + is 

L 

usually comparable to 5.E. However, when calculating net longwave 
radiation on the assumption that E = 1, the error is more significant. 

The measured net longwave radiation close to the surface is identical 

to that actually experienced by the surface, 

I 
but different from the value calculated in other studies (Estoque, 



1963; Sasamori, 1970), 

Since the longwave emissivity of most natural surfaces is around 

0.9 to 0.95 (Sellers, 1965; Ross, 1975), the net radiation calculated 

by (8) will always be five to ten percent too large. The 

inclusion of E as a simple constant eliminates much of this error 

without perceptibly complicating the calculation, so Eq. (7) is 

used to determine the net longwave radiative flux for this study. 

The shortwave radiation absorbed by the interface layer depends 

primarily on the geometry of the surface with respect to the sun, 

however the intervening atmosphere depletes some of the incoming 

energy before it reaches the surface. The attenuation of the solar 

beam by the atmosphere is calculated based on an equation given by 

 allen en (1963). We have changed the empirical constant and added 

. a linear dependence on surface pressure so that the parameterization 

where I is the effective solar constant at the earth's surface, 
S 

I is the solar constant, P is surface pressure in millibars, and 
0 s 

h is the elevation angle of the sun. The constant 0.23 indicates 

the amount of radiation which is intercepted by d path l;ngth of 
l 

one atmosphere. It was determined based on the following set 



of assumptions: 

1). The atmosphere is clear and aerosol free. 

2). 7% of the solar constant is reflected back to space by 

the atmosphere. 

3). 3% of the solar constant is absorbed by Ozone above 

the troposphere. 

4 ) .  0.6% of the solar constant is absorbed by oxygen, mostly 

in the upper troposphere. 

5). 0.4 % of the solar constant is absorbed by COZY mostly 

in the upper troposphere. 

6). Approximately 12% of the solar constant is absorbed, 

mostly in the lower troposphere, by water vapor. This 

value assumes a precipitable water of 2 cm (Yamamoto, 1962). 

We should note here that, although the absorbtion of short 

wave radiation by CO 2 ' 02, and 0 is not important to the boundary ( 1  3 

layer radiativd energy balance, the absorbtion by water vapor may 

be significant. The daytime warming due to H 2 0 absorbtion in the 

lower atmosphere is around 1°C per day. This warming has been 

parameterized and is discussed in the section on radiation 

cooling rate. 

The amount of solar radiation actually absorbed by the surface 

is then calculated from 



h = s i n  s i n  4 s i n  6 - cos 4 cos 6 cos 
24 

C O S  

az  = s i n  
cos h 

where t h e  symbols have t h e  fol lowing meanings: 

c i s  an a t t e n u a t i o n  f a c t o r  due t o  cloud cover which can range 

from 1 f o r  c l e a r  s k i e s  t o  0 f o r  a t o t a l l y  opaque cloud 

a i s  t h e  albedo of t h e  su r f ace  which may be  cons tan t  o r  a func t ion  

of e l eva t ion  angle  ( see  below) I ' 1 
h '  is t h e  s lope  angle  of t h e  su r f ace  i n  t h e  d i r e c t i o n  of t he  sun 

4 i s  t h e  l a t i t u d e  

6 i s  t h e  d e c l i n a t i o n  of t h e  sun 

t i s  t h e  l o c a l  s o l a r  time i n  hours 

d is  t h e  day number counting from 1 January 

dhs 
i s  t h e  vec to r  of t h e  t r u e  s lope  of t h e  e a r t h ' s  su r f ace  poin t ing  

- -+ 
ds u p h i l l  wi th  magnitude dh and d i r e c t i o n  dhs measured 

121 - d s 

clockwise from nor th  

a z  is  t h e  azimuth angle  of t h e  sun measured clockwise from nor th  



For many types of s u r f a c e  cover ,  t h e  albedo is a func t ion  of 

e l e v a t i o n  angle  (Let tau and Davidson, 1957; Budyko, 1956). When t h e  

O 'Nei l l  d a t a  were s imulated,  t h e  fol lowing express ion  f o r  albedo 

was used : 

- 
a-a 

0 
a +-  

0 45 
h 

a = 
- 
a 

h ( i n  degrees)  < 45 

0.215 f o r  gen. obs. per iod 2 

0 0.54 f o r  gen. obs. per iod 5 ,  
- 

Values of a and a l l  o the r  i n i t i a l  condi t ions  a r e  given i n  t h e  appendix. 

2. Sens ib le  hea t  f l u x  

The f l u x  of v i r t u a l  s e n s i b l e  hea t  a t  t h e  i n t e r f a c e  l a y e r  is  given 
I 

by t h e  fol lowing expression:  

where p i s  a g r id  square  average s u r f a c e  a i r  d e n s i t y ,  c is  t h e  
P 

s p e c i f i c  hea t  capac i ty  of a i r ,  and w'8 ' is  t h e  g r id  average eddy 
VS 

f l u x  of v i r t u a l  p o t e n t i a l  temperature ca l cu la t ed  a t  t h e  su r f ace  

(with p r i o r  knowledge of t h e  s u r f a c e  mixing r a t i o ,  ) The Businger- 

Dyer su r f ace  l a y e r  formulat ions a r e  used t o  c a l c u l a t e  t h e  eddy f l u x  

of v i r t u a l  p o t e n t i a l  temperature a t  t h e  top  of t h e  su r f ace  l aye r .  

This formulat ion r e q u i r e s  knowledge of 0 a t  t h e  top of t h e  su r f ace  
v 

l a y e r  and a t  t h e  su r f ace ,  where t h e  0 is  ca l cu la t ed  from t h e  
v 

temperature,  p ressure ,  and mixing r a t i o  a s  fol lows:  



where R i s  t h e  gas cons tan t  f o r  dry  a i r .  The va lue  of w'0 ' i s  ob- 
v s  

ta ined  by ex t r apo la t ing  downward from t h e  top of t h e  su r f ace  l a y e r .  

The d e t a i l s  of t h i s  c a l c u l a t i o n  a r e  presented i n  Sec t ion  B of t h i s  

chapter .  

3 .  Evaporation from t h e  i n t e r f a c e  l a y e r  

The l a t e n t  hea t  f l u x  i s  t h e  most d i f f i c u l t  component of 

t h e  energy budget t o  measure accu ra t e ly ,  and the re fo re  i t  is  t h e  

most d i f f i c u l t  t o  model. There have been innumerable formdlat ions 

f o r  evaporat ion presented i n  t h e  l i t e r a t u r e .  We w i l l  d i s t i l l  some 

of t h e  reasoning behind these  va r ious  models, and poin t  ou t  t h e  

common ground which many of them share .  Then ,wi th  t h i s  q u a l i t a t i v e  

a n a l y s i s  a s  background, we w i l l  d i s cuss  t h e  formulat ion chosen f o r  

I 
use here .  I i 

Basica l ly ,  most evaporat ion equat ions a r e  of t h e  form 

where E i.s evaporat ion r a t e ,  F is  some func t ion  which, however ob- 

l i q u e l y ,  d e p i c t s  t h e  tu rbu len t  exchange process  above t h e  dnter face ,  

and q is  some measure of t h e  moisture content  of t h e  a i r  addlor  s o i l .  

Thus F r ep re sen t s  t h e  atmospheric processes  c o n t r o l l i n g  evdporat ion,  

and t h e  moisture grad ien t  upon which F a c t s  depends i n  pard on t h e  

s o i l  p r o p e r t i e s ,  which a r e  t r e a t e d  i n  t h e  6q/6z term. I" 
One can v i s u a l i z e  two l i m i t i n g  cases  f o r  evaporat ion.  F i r s t ,  

when t h e  i n t e r f a c e  is  s u f f i c i e n t l y  wet,  t h e  l o c a l  r e l a t i v e  humidity 

approaches loo%,  and t h e  evaporat ion r a t e  is  s o l e l y  dependent on 

su r f ace  temperature and atmospheric processes .  On t h e  o t h e r  hand, 

when t h e  atmosphere is  very tu rbu len t ,  e i t h e r  due t o  high winds o r  



I 
I 

strong instability, and when the soil is rather dry, the evaporation 

0 rate is c mpletely controlled by the processes of moisture flow 

through the soil. In many models, including the one we will apply 

here, the processes within the atmosphere and soil can be further 

separated by choosing an integrated form of equation (12): 
* r . . 

We choose q to be an atmospheric value of moisture, calculated or a 
1 I 

measured at least several meters above the surface, and we define q s 

as the measure of atmospheric moisture within the interface layer. 

The value of q is then controlled by turbulent mixing in the atmos- 
a S .I 

phere, but, since turbulence is unimportant in the interface layer, 

q is determined simply by the rate of moisture extraction from the 
s 

soil (or by the temperature of the interface layer when the soil is 

saturated or when condensation is occurring). It becomes apparent 

that the problem of determing the latent heat flux at the earth's 

surface may be conveniently divided into two separate problems: 

1) determine q from the soil properties and the interface layer 
S ' ii. 

temperature, and, 2) knowing q and qs, determine the evaporation 
a 

rate by evaluating F'. We will first address ourselves to the cal- 

culation of q . 
S 

The moisture content of the air in the interface layer is de- 

pendent upon many factors, such as the content of liquid water in the 

soil and its variation with depth, the diffusivity of the soil to 

both liquid and gaseous water, the capillary attraction of the soil 
, + ?  

to liquid water, and the moisture extracting ability and stomata1 

resistance to transpiration of any plants. Unfortunately, a complete 



physical treatment of the problem becomes prohibitively complex for 

our purpose, particularly where there is vegetative cover (see 
4 - I 

Rutter,1975). In an attempt to simplify the problem we will look 

at observations of the relationship between q and the single most 
S 

important factor which controls it--the liquid water content of the 

soil. Assuming that any vegetation in the interface layer transpires 

sufficient moisture, then when the soil is saturated q in the 

interface layer becomes identical to q sat' the saturation slue 

s ' 
I 

determined by T and the evaporation rate E becomes Epot, the 

pote*tial or maximum rate. Also, when the soil moisture content 

is zero, q takes on the ambient atmospheric value qa, and E becomes 
S 

O. However, the shape of the q (or E/E ) vs. soil moisture curve 
S PO t 

between these two extreme cases is the subject of much discussion. 

The literature offers many observations and suggestions for this 

relationship. Usually a plot is presented comparing E/E with 
D( 

W/W where W is available soil moisture content integra,,d through 
S 

some sufficiently great depth, and W is the saturation, maximum, 
S 

or field capacity value of W. Since E has a direct, llnea? relation- 

ship to qs through eq. (13), this is a convenient method o presenta- f 
tion to use here. Figure 2 shows a number of proposed cur es which t 
are applicable under different conditions. It is clear that the 

shape of the curve is highly variable, and that it varies with 

soil type, plant cover, and evaporation rate. No single curve can 

adequately describe the relationship for all conditions. However, 

I I  

for the purposes of an atmospheric model, where limited computer 

space does not permit storage of soil and plant cover types, a single 

average curve, such as that proposed by Budyko (1948, 1956) and 



F i g u r e  2. Some observed and t h e o r e t i c a l  e s t i m a t e s  of t h e  re -  
l a t i o n s h i p  between e v a p o r a t i o n  r a t e  and a v a i l a b l e  s o i l  m o i s t u r e  c o n t e n t ,  
bo th  p l o t t e d  on normal ized s c a l e s .  1 )  Denmead and Shaw (1962) over  
c o r n  -- c o l o  s i l t y  c l a y  loam -- w i t h  v a r y i n g  Epot, 2) Thornthwai te  
and Mather (1955);  and Ba ie r  (1969) ,  who found t e n  y e a r s  of d a t a  
over  g r a s s  i n  m a t h i l d a  loam t o  f i t  t h i s  curve  b e s t ,  3) Budyko (1956) 
and Manabe (1969) assumed t h i s  curve  t o  app ly  under a l l  c o n d i t i o n s ,  
4) S l a t y e r  (1956) compared p l a n t s  w i t h  d i f f e r e n t  r o o t  c o n f i g u r a t i o n s  
i n  A u s t r a l i a .  5) I d e a l i z e d  c u r v e s  f o r  f o r e s t e d  s u r f a c e s  of v a r y i n g  
s o i l  t y p e  d u r i n g  t h e  growing season  a s  modelled by Zahner (1967).  
6) An example f o r  b a r e  s o i l  a s  formulated by P h i l l i p  (1957) and mo- 

. 7  

d e l l e d  by Sasamori  (1970).  



?a -is 

. . 
Manabe (1969), or that proposed by Baier (1969), is the best one 

can do. Furthermore, there has never been a comprehensive treatment 

proposed which systematically accounts for variation of soil, plant 

cover, and evaporation rate, since the observations to .date have 

been insufficient. I 
The proposed average curves in Figure 2 assume a linear relation- 

ship between soil water content and evaporation (or q ) fo 
S 

vegetated surfaces. There are two possible linear equations which 

occur frequently in the literature: 

I r ' 
1 '  

", , u' 
and 

- - W 
's 'sat < - qS 2 qa, but 4, - qSat when 

Eq. (14) relates the moisture difference between the interrace layer 

and the free air to the soil water content, while (15) completely 

neglects the effect of the free air mixing ratio. Thus wh 9 W 
I '  > 

approaches zero, q approaches q in (14), and approaches ero in (15). 
s a 

Both equations require q -+ qsat as W/Ws -+ 1. Except £0 the 
S 

a 

S 

I 
two limiting cases of saturated soil and q = 0, (14) always produces 

a larger value of q than (15), and thus should produce a ldgger 

evaporation rate. These two formulae have been tested and compared 

by Nappo (1975), and as expected eq. (14) was found to produce 

higher evaporation rates than eq. (15). Nappo concluded that 

eq. (14) is preferable for simulating rural environments. 



In a number of experiments by this author, it was found that 

eq. (14) is more accurate when potential evaporation rates are low, 

while eq. (15) produces better results for high potential evaporation 

rates. When eq. (14) was applied to the hot, dry soil conditions 

of O'Neill, Nebraska in August, the predicted evaporation rate 

around midday was two to three times larger than both the rate 
I 

observdd and the rate calculated by (15). The better performance of 

the more conservative evaporation rates predicted by eq. (15) under 

such conditions is explained by the extreme drying of the upper 

few centimeters of soil, and by the increased stomata1 resistance 

to transpiration under hot, dry conditions (Rutter, 1975). On 
. . 

the other hand, when the air is cool, such as in the morning at 

O'Neill, or during the winter (e.g. The Wangara experiment in 
4 '  . :  ) ,  

Australia), eq. (15) was found to predict no evaporation at all 

because the calculated value of q was less than the ambient 
S 

atmosph mixing ratio, 'a ' 
Eq. (14) yielded quite reasonable 

evaporation rates under these conditions. 

On,the basis of th~se results, it appears necessary to find 
1 ,. . ! 

( i  - 
a satisfactory combination of the two formulae which will correctly 

predict evaporation over a wide range of conditions. The two 

equations available may be interpreted as describing two different 

mechanisms for evaporation. Eq. (14) represents a semi-potential 

evaporation process. That is, it may be visualized that each unit 

of surface area is divided into two sections--a totally saturated 

section covering 100(~/~ ) %  of the unit, and a totally dry area s 

covering the remainder of the unit. The saturated portion does not 

offer any resistance to evaporation; and no evaporation occurs from 



t h e  d r y  p o r t i o n .  However, the rmal  p r o p e r t i e s  remain uniform a c r o s s  

t h e  u n i t .  On t h e  o t h e r  hand, e q .  (15) may be  cons idered  a 

t o t a l - r e s i s t a n c e  e v a p o r a t i o n  p r o c e s s .  Here t h e  w a t e r  vapor  must  

p e n e t r a t e  a r e s i s t a n c e  i n v e r s e l y  p r o p o r t i o n a l  t o  W / W  b=efore  i t  i s  
S 

r e l e a s e d .  

F i g u r e  3 shows a  schemat ic  r e p r e s e n t a t i o n  of t h e  two c a s e s  i n  

a u n i t  b lock  of s o i l  a t  t h e  e a r t h ' s  s u r f a c e .  The d r y  p a r t s  o f  t h e  

b l o c k  off*er  a  uniform r e s i s t a n c e  t o  v e r t i c a l  m o i s t u r e  f low per u n i t  

d i s t a n c e ;  and t h e  mois t  p a r t s  a r e  assumed satuggfed and_gff-'r. no re-  

I I 1 
s i s t a n c e .  When t h e  e n t i r e  b l o c k  i s  s a t u r a t e d  w i t h  w a t e r  i t  s as -  

sumed t h a t  W=W . The t h i r d  c a s e ,  which r e p r e s e n t s  a  more r e a l i s t i c  
s 

s i t u a t i o n  i n  which bo th  mechanisms come i n t o  p lay ,  should  be e a s i l y  

r e p r e s e n t e d  i n  terms of a combination of (14) and ( 1 5 ) .  To t h i s  end 

F i g u r e  3 .  I d e a l i z e d  r e p r e s e n t a t i o n  of t h e  evapora t ion  p r o c e s s  
i n  a  u n i t  b l o c k  of s o i l  as impl ied  by: a )  eq .  ( 1 4 ) ,  b) eq .  ( 1 5 ) ,  and 
( c )  a r e a l i s t i c  s i t u a t i o n  where b o t h  p r o c e s s e s  occur .  Shaded a r e a s  
a r e  s a t u r a t e d .  

I * I 



we de f ine  a  p a i r  of e f f e c t i v e  s o i l  moisture va lues  such t h a t  E(W)= 

E (W )=ER(Wx), where E and W a r e  t h e  a c t u a l  va lues  of evaporation 
P P 

r a t e  and s o i l  moisture content  r e spec t ive ly ,  and W and W a r e  t h e  
P R 

e f f e c t i v e  s o i l  moisture requi red  t o  permit equat ions (14) and (15) 

r e spec t ive ly  t o  y i e l d  t h e  t r u e  evaporat ion r a t e .  Thus we have 

I n  order  t o  c l o s e  t h e  system we r e q u i r e  an a d d i t i o n a l  equat ion 

which we ob ta in  by applying t h e  concepts of p o t e n t i a l  and r e s i s t a n c e  

t o  t h e i r  e l e c t r i c a l  analog. The f a m i l i a r  concept t h a t  p o t e n t i a l  equals  

cu r r en t  t imes r e s i s t a n c e  may be app l i ed  by not ing  t h a t  t h e  magnitude 
I 

of t h e  p o t e n t i a l  ' f o r  evaporat ion i s  r e l a t e d  t o  t h e  e f f e c t i v e  a v a i l a b l e  

moisture f o r  t h e  semi-potent ial  p rocess ,  W . Also, t h e  source of 
P 

r e s i s t a n c e  t o  evaporat ion i s  t h e  e f f e c t i v e  depth of dry s o i l  through - 

which moisture must flow t o  reach t h e  sur face .  In  t h e  i d e a l  t o t a l -  

r e s i s t a n c e  case  t h i s  depth i s  l a r g e  when WR i s  smal l ,  and v i c e  ve r sa ,  
I , I 

so  t h e  rds i s t ancd  may be represented  by t h e  inve r se  of t h e  e f f e c t i v e  

a v a i l a b l e  moisture W F i n a l l y ,  t h e  mani fes ta t ion  of t h e  c u r r e n t ,  

I R ' 

which u l t ima te ly  r e s u l t s  i n  t h e  evaporat ion,  i s  t h e  amount of s o i l  

moisture which has crossed t h e  r e s i s t a n c e  b a r r i e r  t o  become atmospheric 

vapor a t  t h e  su r f ace  ( q  ) .  In  non-dimensional form we may w r i t e  
S 



where, f o r  convenience, t h e  s o i l  moisture va lues  have been sca led  

by t h e i r  t r u e  va lue ,  W ,  and the  su r f ace  mixing r a t i o  has  been sca led  
I 

I 
by i t s  s a t u r a t i o n  value.  The va lue  of t h e  cons tan t  of p ropor t iona l i t y ,  

A, must be determined experimental ly .  El iminat ing W and W from 
R P 

The cons tan t  A has  been assigned a va lue  of 0.5. With t h i s  va lue ,  

(19) co inc ides  with (15) a t  moderately high e v a p o r a t i o n  r a c e s ,  

and approaches (14) when t h e  evaporat ion becomes weak,. 

, The va lue  of W i s  s e t  a t  10 cm, although t h e  c a l c u l a t i o n  over  
S 

a per iod of l e s s  than 24  hours i s  q u i t e  i n s e n s i t i v e  t o  t h e  choice of 

t h i s  va lue  compared t o  t h e  va lue  of t h e  r a t i o  w / W  . The slow decrease 
S 

of W wi th  time i s  ca l cu la t ed  from t h e  r a t e  of evaporat ion.  Allowance 

is  made f o r  t h e  accumulation of dew when t h e  l a t e n t  hea t  f l b x  i s  

downward. This  occurs ,  of course,  when t h e  i n t e r f a c e  l a y e r  s a t u r a t i o n  

mixing r a t i o  is  l e s s  than t h e  mixing r a t i o  of t h e  a i r  i n  t h  su r f ace  P 
l aye r  above. When dew i s  p re sen t  i t  is  assumed t h a t  t h e  miking r a t i o  

of t h e  a i r  a t  t h e  i n t e r f a c e  i s  sa tu ra t ed .  Under condi t ions  of eva- 

pora t ion  a l l  dew is  allowed t o  be deple ted  be fo re  evaporat ion of s o i l  

moisture begins.  

Having ca l cu la t ed  q by t h e  procedure descr ibed above, we must 
s 

now determine E from our knowledge of t h e  atmospheric moisture g rad ien t  

and t h e  tu rbu len t  exchange a c t i n g  on t h a t  g rad ien t .  We have a choice 

of a number of formulae, such a s  t h e  aerodynamic method i n  which a 



drag c o e f f i c i e n t  f o r  moisture i s  app l i ed ,  and i n  which t h e  evaporat ion 

r a t e  depends on t h e  wind v e l o c i t y  d i r e c t l y  (Deardorff ,  1978; Manabe, 

I .-. 
I 

1969). O r  we may chdose from a v a r i e t y  of su r f ace  l a i e r  p r o f i l e  func- 

t i o n s  which empi r i ca l ly  r e l a t e  t h e  evaporat ion r a t e  d i r e c t l y  t o  t h e  

tu rbu len t  process  and which account f o r  changes i n  atmospheric s t a b i l i t y .  

A number of t hese  su r f ace  l aye r  func t ions  have been t e s t e d  by Pierson  

and Jackman (1975). They found t h e  Businger-Dyer (B-D) s u r f a c e  l a y e r  
I 

formulat ion t o  be l e s s  accu ra t e  i n  descr ib ing  t h e i r  observa t iona l  d a t a  

than some o the r  equat ions given i n  t h e  l i t e r a t u r e .  However, P ie rson  

and Jackman noted t h a t  t h e i r  t e s t  of t h e  B-D equat ions was not  com- 

parable  t o  t h e i r  o t h e r  t e s t s ,  s i n c e  they  d id  n o t  r e g r e s s  t h e  needed 

empir ica lpara .meters to  t h e i r  d a t a ,  a s  was done f o r  t h e  o t h e r  p r o f i l e  

I fi 

func t ions  they t e s t e d .  Ins tead  they simply used va lues  of t h e  para- 

meters quoted i n  t h e  l i t e r a t u r e .  Furthermore P ierson  and Jackman used 

* : !Ab 

an unnecessar i ly  c i r c u i t o u s  r e l a t i o n s h i p  given by Bru t sae r t  (1965) i n  

determining evaporat ion f o r  a l l  t h e i r  t e s t s .  B r u t s a e r t ' s  formula re- 

l a t e s  evaporat ion t o  t h e  p r o f i l e  func t ion  f o r  t h e  - wind through t h e  

parameter ri = KW/% and a r e  t h e  eddy d i f f u s i o n  c o e f f i c i e n t s  f o r  

water vapor and momentum re spec t ive ly .  He assumes ip s0  f a c t o  t h a t  

I 
t h e  p r o f i l e  func t ion  f o r  moisture i t s e l f  i s  unknown. F i n a l l y ,  t h e  da t a  

used by Pierson  and Jackman a l l  come from a thoroughly i r r i g a t e d  f i e l d  

of g ra s s ,  under s t rong  uns t ab le  cond i t i ons ,  i n  a  region where t h e  

n a t u r a l  s o i l  su r f ace  i s  very  d ry  ( t h e  Davis, Ca l i fo rn i a  lys imeter  

s i t e ) .  Thus t h e  d a t a  s t r i c t l y  apply t o  a  very  narrow range of condi- 

t i o n s ,  i . e .  an o a s i s  i n  t h e  summertime where evaporat ion i s  always 

occurr ing a t  n e a r l y  t h e  p o t e n t i a l  r a t e .  



I n  a number of numerical experiments by t h i s  author ,  i t  was found 

t h a t  t h e  B-D p r o f i l e  formula f o r  water  vapor used d i r e c t l y  g ives  re- 

s u l t s  very  c l o s e  t o  t h e  formulae found supe r io r  by P ierson  and Jackman 

(1975), and t h a t  i t  may be more accu ra t e  under a broader range of 

condi t ions .  The B-D form t e s t e d  is  much s impler  mathematically,  and 

,it has  t h e  f u r t h e r  advantage of being cons i s t en t  with t h e  B-D su r f ace  

l a y e r  p r o f i l e s  f o r  wind and temperature which a r e  gene ra l ly  accepted 

today, and a r e  used i n  t h i s  model. Therefore we have chosen t o  u se  

t h e  B-D form t o  c a l c u l a t e  evaporat ion.  

Using t h e  B-D form, recognizing t h a t  t h e  p r o f i l e  func t ions  f o r  

hea t  and water vapor a r e  n e a r l y  t h e  same (Dyer, 19671, and ex t r apo la t ing  

t h e  ca l cu la t ed  moisture f l u x  va lue  t o  t h e  su r f ace  i n  a manner which 

w i l l  be descr ibed i n  s e c t i o n  B. of t h i s  chapter ,  we determine t h e  

hea t  f l u x  of evaporat ion a s  fo l lows:  

* 
HE = p L  w'q' 

S 

* I 
Here L i s  t h e  l a t e n t  hea t  of condensation, and w'q' is  t h e  sur-  

S 

f a c e  va lue  of t h e  eddy f l u x  of moisture.  

I 
where k is  t h e  conduc t iv i ty  of t h e  s o i l ,  P i s  t h e  s o i l  dens i ty ,  and c 

5 I 

4. Heat flow i n t o  t h e  ground. ---- 
i i~ 

The t r a n s f e r  of hea t  w i th in  t h e  s o i l  may be ca l cu la t ed  
I * 

from t h e  equat ion 

i s  t h e  s p e c i f i c  hea t  capac i ty .  I n  gene ra l ,  k, P and c vary  with 

e x a c t l y  

depth i n  t h e  s o i l  and wi th  t h e  mois ture  content  of t h e  s o i l .  Numerical 



s o l u t i o n  of eq. (21) r e q u i r e s  knowledge of t h e  temperature (and s o i i  

p rope r t i e s )  a t  a number of l e v e l s  w i th in  t h e  s o i l  (Carslaw and Jaeger ,  
*.' 

1959), and imposes a r e s t r i c t i o n  on t h e  time s t e p  of t h e  model. I n  

k e e p i n  x i t h  t h e  o b j e c t i v e  of t h i s  model t o  r ep re sen t  r e a l i t y  i n  a 

numerically s imple form, we seek a parameter i .zat ion based on eq. (21) 

which dobs nor equ i r e  s to rage  of numerous l e v e l s  of s o i l  temperature,  

and whic/. -s L-_pu ta t iona l ly  e f f i c i e n t .  Toward t h i s  goal  a number 

of numeriical t e s t s  were performed i n  which eq. (21) was evaluated 

through bs many a s  5 1  l e v e l s  f o r  a d i u r n a l  cyc le .  The ca l cu la t ed  

hea t  flow was compared wi th  observa t iona l  da t a  and with t h e  r e s u l t s  

of t h e  s teady  s t a t e  hea t  f low equat ion 

I I . " < *; fl 

i n  f i n i t e  d i f f e r e n c e  form wi th  AZ = 15 cm and T kept cons tan t .  
15 cm 

A s  a r e s u l t  of t hese  experiments,  i t  was found t h a t  eq. (22) could 

be modified i n  a way t o  s imula te  t h e  "true" s o l u t i o n  f o r  a t y p i c a l  

d i u r n a l  cyc le .  This  was done by spec i fy ing  a v a r i a b l e  e f f e c t i v e  

temperature and mul t ip ly ing  t h e  r i g h t  s i d e  of eq. (22) 

S p e c i f i c a l l y ,  t h e  formulat ion used is: s :.; - ld 

where 1 

A 

f o r  0700 < t ( i n  hours) < 2100 

f o r  a l l  o t h e r  t. 

.,. ,. 
, I  I 



I 
This  r ep re sen ta t ion  of t h e  s o i l  temperature a t  15 cm. i s  c l e a r l y  

not meant t o  r ep re sen t  r e a l i t y  a t  t h a t  l e v e l .  Rather ,  i t  i s  a con- 

s t r u c t  which permits  an accu ra t e  r ep re sen ta t ion  of t h e  s o i l  tem- 

pe ra tu re  grad ien t  near  t h e  su r f ace  -- t h e  requi red  quan t i t y  f o r  

eq. (22) .  However i t  i s  convenient t o  r e t a i n  eqs.  (23)  i n  t h i s  awk- 

wa,rd f o q ,  and t o  s toxe  t h e  15  cm. s o i l  tempggatgre as a cons tan t ,  
J 1 .  . i  < 

because it permits  an a c t u a l  observable va lue  t o  be used input  

and unchanging r e fe rence  poin t  f o r  our parameter izat ion.  /A depth of 

15 cm. i s  a s  c l o s e  t o  t h e  su r f ace  a s  one can s a f e l y  ma' e assump- 

t i o n  t h a t  t h e  d i u r n a l  wave has been damped completely (Munn, 1966),  

so  t h a t  a s i n g l e  cons tan t  va lue  may be used a s  input  f o r  t h e  model. 
I' -- 

This parameter iza t ion  becomes l e s s  adequate when non-diurnal 

hea t ing  of t h e  e a r t h ' s  su r f ace  i s  important .  For example, when t h e  

su r f ace  temperature i s  modified by abrupt  changes i n  cloud cover,  

o r  by a f r o n t a l  passage, t h e  s teady  s t a t e  assumption i s  gross ly  

v i o l a t e d .  

' ~ n  exac t ly  analogous s o i l  hea t  flow 

by Blackadar (1976), has  been discussed by Deardorff (1978). It 

was found t o  be t h e  most accu ra t e  ye t  devised which does not  r e q u i r e  

knowledge of t h e  s o i l  temperature p r o f i l e  o r  of t h e  pas t  A i s t o r y  of 

t h e  s o i l  su r f ace  temperature.  The method, c a l l e d  by Deardorff t h e  

"force-restore"  method, inc ludes  two terms. The f o r c e  term modif ies  

t h e  s o i l  su r f ace  temperature by g+sl;zming t h a t  an  e f f e c t i v e  mass per  

u n i t  a r e a  of s o i l  i s  uniformly heated by t h e  r e s i d u a l  of t h e  su r f ace  

energy budget. Thus, t h e  f o r c e  term is  expressed e x a c t l y  by eq. (6) 

above, except t h a t  t h e  biomass c o e f f i c i e n t  mc is replaced by a co- s 

e f f i c i e n t  which assumes a s inuso ida l  su r f ace  temperature cyc l e  with 



period -24 hours.  The c o e f f i c i e n t  may be w i t t e n  (%A) ws 
and i t s  magnitude i s  t y p i c a l l y  s i m i l a r  t o  a  t y p i c a l  va lue  of ws. The 

second e m  of t h i s  formulat ion,  a s  d i scussed  by Deardorff ,  is c a l l e d  I 
t h e  r e s  o r e  term because i t  a c t s  t o  r e t u r n  t h e  s o i l  su r f ace  tempera- t 
t u r e  t o  a  f i xed  equi l ibr ium deep-soi l  temperature.  This  t e n  i s  

i d e n t i c a l  t o  eq. (23) except t h a t  t h e  c o e f f i c i e n t  1 , 7 5  k/Az i s  replaced 
1 

with a  c o e f f i c i e n t  of t h e  same magnitude: (IT p c k j ~  )'. 

B. The Surface Layer 

The su r f ace  l a y e r  is  defined a s  t h e  reg ion  of t h e  atmosphere 

i n  which t h e  l eng th  s c a l e  of t u rbu len t  motions i s  p r imar i ly  con t ro l l ed  

by mechanical genera t ion  of tu rbulence  a t  t h e  su r f ace .  The depth of 

t h i s  l aye r  can range from l e s s  than  a meter t o  more than a  ki lometer  

although it is  t y p i c a l l y  between 10 and 100 meters.  There is  s t rong  

support  f o r  t h e  content ion  t h a t  t h e  depth i s  p ropor t iona l  t o  t h e  ab- 

s o l u t e  va lue  of t h e  Obukhov l eng th ,  L. This  i s  t r u e  f o r  uns t ab le  

s t r a t i f i c a t i o n  (L i l l y ,  1968; Tennekes, 1970; Deardorff ,  1972a; 

Wyngaard e t  a l . ,  1974; Kaimal, e t  a l . ,  1976) a s  we l l  a s  f o r  s t a b l e  

condi t ions  (Webb, 1970; Businger and Arya, 1974). 

The su r f ace  l a y e r  has  o f t e n  been c a l l e d  t h e  "constant-flux" 

l a y e r ,  and i t  has been so t r e a t e d  i n  many models of t h e  boundary l aye r  

(e.g.  Estoque, 1963; P i e lke  and Mahrer, 1975; Sasamori, 1970). The 

o r i g i n  of t h e  concept t h a t  t h e  su r f ace  l a y e r  i s  a l aye r  through which 

t h e  f l u x e s  of hea t  and momentum do not  vary  s i g n i f i c a n t l y  with he ight  

d a t e s  back t o  t h e  beginning of s tudy of t h e  su r f ace  l aye r  i t s e l f .  

Calder (1939) presented a  t h e o r e t i c a l  proof of t h e  cons tan t  f l u x  hy- 

po thes i s  a l though some of t h e  assumptions he made a r e  quest ionable.  

Observations i n  t h e  atmospheric su r f ace  l a y e r  a l s o  have l e n t  support  
1 r 



t o  t h i s  hypothesis ,  because, ac ros s  t h e  few t e n s  of meters  of t h e  

su r f ace  l a y e r ,  t h e  v a r i a t i o n  of t h e  hea t  and momentum f l u x e s  i s  only 

a  few percent  of t h e  t o t a l  va lue  - o f t e n  wi th in  t h e  measur ment e r r o r  I 
of t h e  ins t rumenta t ion .  I n  r e a l i t y ,  however, l e  r a t e , o f  v a r i a t i o n  

with he ight  of f l u x e s  wi th in  t h e  surface ,aye ..-, ,,,-.. ~e p r e a t e r  

than anywhere e l s e  i n  t h e  PBL (Deardorff ,  1972b). This  i s  apparent  

from eq. (1) s i n c e  t h e  d i u r n a l  extremes of temperature a r e  g r e a t e r  

i n  t h e  su r f ace  l a y e r  than they  a r e  i n  t h e  o u t e r  l a y e r .  We w i l l  t r e a t  

t h e  su r f ace  l a y e r  a s  a  va r i ab l e - f lux  l a y e r ,  and c a l c u l a t e  a  f l u x  a t  

i t s  t o p  and bottom. 

The f luxes  a t  t h e  top  of t h e  su r f ace  l aye r  a r e  ca l cu la t ed  from 

t h e  Businger-Dyer (B-D) p r o f i l e  func t ions  (Businger e t  a l . ,  1971) a s  

i n t eg ra t ed  by Paulson (1970). They a r e  

where u, = -my 0 i n d i c a t e s  v i r t u a l  p o t e n t i a l  temperature,  and v 

t h e  s u b s c r i p t s  s and b denote va lues  a t  he ight  and a t  t h e  top  of 
0 

t h e  s u r f a c e  l a y e r  (z  = z ) r e spec t ive ly .  The va lue  of K ,  t h e  Von b 

Karman cons tan t ,  i s  s e t  a t  0.35, and YH and YU a r e  t h e  s t a b i l i t y -  

dependent i n t e g r a t e d  p r o f i l e  func t ions  f o r  hea t  and momentum. The 

d i s p o s i t i o n  of t hese  func t ions  w i l l  be discussed below. P 

compared t h e  B-D p r o f i l e  func t ions  t o  s e v e r a l  o t h e r s  i n c l u  



rmula and found t h e  B-D empir ica l  form t o  most c l o s e l y  f i t  

m Kerang, Aus t r a l i a .  Businger e t  a l ,  (1971) found t h e  same 

o  c l o s e l y  f i t  t h e i r  d a t a  from a  Kansas wheat f ie ld .  
I 

i n t e g r a t i o n  of t h e  B-D formulae was performed by Paulson under 

two a s s A p t i o n s  which should be examined. F i r s t  he  in t eg ra t ed  from 

he ight  z  = 0 t o  some he ight  z ,  whereas t h e  su r f ace  l a y e r  formulat ions 

do not  apply between z=0 and z=z . The exact  lower bound f o r  i h t e -  
0 

g r a t i o n  should be z . Nickerson and Smiley (1975) i n t eg ra t ed  t h e  B-D 
0 

p r o f i l e s  i n  t h i s  exac t  manner, and produced a  more invo1ve.d expression;  

but  t h e i r  a n a l y s i s  shows t h a t ,  wi th  t h e  except ion of very uns t ab le  

condi t ions  wi th  l a r g e  z  t h e  e r r o r  i n  using Paulson ' s  i n t e g r a t i o n  i s  
0 ' 

n e g l i g i b l e .  The Nickerson-Sniley i n t e g r a t i o n  i s  used' he re  i n  th; 

s e n s i t i v e  determinat ion of t h e  su r f ace  f luxes .  Otherwise t h e  Paulson 

form i s  used with a simple c o r r e c t i o n  f a c t o r  appl ied  when condi t ions  

warrant ( s e e  below). The second aspec t  of Paulson 's  i n t e g r a t i o n  is  

t h a t  i t  i s  derived under t h e  constant-f lux assumption, i.e. W ' € J " ~ ~  

and u  a r e  he ld  cons tan t  during t h e  v e r t i c a l  i n t e g r a t i o n ,  However, *b 

because t h e  B-D func t ions  a r e  rooted i n  a c t u a l  observa t iona l  da t a ,  

any e f f e c t  r e s u l t i n g  from v a r i a t i o n  of f l u x e s  with he ight  i s  neces- 

s a r i l y  captured i n  t h e  empir ica l  func t ions  Y -- a t  l e a s t  t o  t h e  ex ten t  

t h a t  t h e  a c t u a l  d a t a  f i t  t h e  proposed curves,  

In  developing t h e  B-D p r o f i l e  func t ions ,  i t  was assumed t h a t  t h e  

z func t ions  Y depend only on t h e  non-dimensional he ight  - , where t h e  
L 

sca l ing  l eng th  L i s  t h e  Obukhov l eng th  -- a  s t a b i l i t y  parameter given 

. u 3  
* b  



Z 
~ a u l s o n ' s  i n t e g r a t e d  express ions  f o r  Y(E) a r e  r a t h e r  complicated 

. r  J 

and r e q u i r e  i t e r a t i o n  o r  t h e  inve r s ion  of a r a t h e r  pro t racfed  equat ion 

t o  determine t h e  f l u x e s  of hea t  and momentum a t  a cons tan t  f i x e d  

he ight  z .  However, i n  keeping with our goa l  of maintaining s i m p l i c i t y  

where poss ib l e ,  we f i n d  t h a t  s t o r i n g  a t a b l e  of Y va lues  indexed t o  

va r ious  ranges of L  p re sen t s  very  l i t t l e  l o s s  of accuracy. The su r f ace  

l aye r  top, z i s  r e s t r i c t e d  t o  be no h igher  than 50 meters ,  and when 
b ' 

I L ~  i s  smaller  than 50 meters,  z i s  assigned t h e  va lue  I L I  s i nce  it 
b 

i s  not  c l e a r  t h a t  t h e  B-D func t ions  apply above z = ( L I  (Dyer and 

Hicks, 1970). Under t hese  r e s t r i c t i o n s ,  t h e  l a r g e s t  va lues  of Y 

occur when ILIL50  meters:  
I ! ,  , ' ' 1 

A s  I L 1 approaches i n f i n i t y  Y approaches zero.  Thus t a b l e s  of 

- - -1.466 , 

YH L L O  
max (C6.35 L  > 0 

Yu L  L 0 
max L  > 0, I L I  4 50 meters.  

1 

15 va lues  of Y were considered adequate  t o  determine t h e  f luxes  t o  

1 '  

wi th in  a few percent .  When I L 1 >50 meters  t h e  t a b l e  va lue  used may 

be i n  e r r o r  by a maximum of +0.4 - f o r  s t a b l e  condi t ions  and +0.05 - 
during uns t ab le  condi t ions .  Since t h e  logar i thmic  term i n  (24) ,  (25) 

and (26) is  v i r t u a l l y  always between 3 and 10 when z=z -50 meters ,  
b - 

t h e  maximum p o s s i b l e  e r r o r  i n  t h e  denominator of (24) ,  (25) and (26) 

(and thus  i n  t h e  c a l c u l a t e d  f l u x  va lue)  is  about 5%. This  i s  wi th in  

t h e  unce r t a in ty  l i m i t s  of f l u x  measurement and of t h e  B-D p r o f i l e  

func t ions  themselves. 



Whe zb = 1 L I L 50 meters t h e  va lue  of $ equals  JI max I and 

t h e r e  is  no e r r o r  except f o r  t h a t  caused by Paulson 's  lower bound 

of i n t e g  a t i o n .  This condi t ion  o f t e n  p r e v a i l s  f o r  most of t h e  

dayl ight  hours and many n i g h t s .  Only dur ing  t h e  hours around s u n r i s e  

and sunse t  and on some cloudy days w i l l  I L I  rematn g r e a t e r  than 

50 meters.  

L 
For 0 >-- 2 -50 Paulson 's  i n t e g r a t i o n  produces s i g n i f i c a n t  

Z 
0 

e r r o r  and a  c o r r e c t i o n  f a c t o r  must be appl ied  t o  t h e  va lue  of $. 

Again a  t a b l e  of va lues  i s  employed, ranging from near  zero when 

L - -  L - -50 t o  approximately +1 when For t h e  case  where 
Z -- - -1. 
0 z 

0 

( ~ 1 > 5 0  meters  t h i s  c o r r e c t i o n  i s  no t  app l i ed  f o r  two reasons,  F i r s t  

z 
when z b f  I L I  t h e  co r r ec t ion  becomes a  func t ion  of a s  w e l l  a s  

L 
of - L and a  two dimensional t a b l e  would be requi red .  Secondly t h e  

zo 
co r r ec t ion  i s  no t  needed un le s s  z exceeds 100 cm., which is  a r a t h e r  

0 

unusual ly l a r g e  va lue ,  even over f o r r e s t e d  t e r r a i n .  

I n  summary, t h e  t a b l e  va lues  of JI used In  t h i s  model and the  

t a b l e  of c o r r e c t i o n  terms a r e  presented i n  t a b l e s  1 and 2. Using 

these  t a b l e s  t he  maximum poss ib l e  dev ia t ion  from t h e  Nickerson-Smiley 

su r f ace  l a y e r  formulat ion i s  about 5% and t h e  average dev ia t ion  w i l l  

be much l e s s .  

The use of a  v a r i a b l e  he igh t  f o r  t h e  upper bound of t h e  su r f ace  

l aye r  p re sen t s  problems of mass c o n t i n u i t y  which w i l l  be confronted 

i n  t h e  next  s ec t ion .  I n  order  t o  maintain t h e  i n t e g r i t y  of t h e  ou te r  

l a y e r ,  t h e  he ight  of t h e  PBL top  (2.) i s  requi red  t o  remain a t  o r  
1 

above 60 meters .  S imi l a r ly  a  lower l i m i t  on t h e  su r f ace  l a y e r  thick-  

ness  i s  e s t ab l i shed :  z b 2  zo +50 cm. This  maintains  a t  l e a s t  a  



Table 1 Values of 5 used i n  equat ions ( 2 4 ) ,  ( 2 5 )  m d  ( 2 6 ) .  
Values of 'J' only a r e  sub jec t  t o  c o r r e c t i o n s  given max 
i n T a b l e 2 .  Note: 'J' 

U s t a b l e  = O *  74  'H s t a b l e '  

uns t ab le  s t a b l e  uns t ab le  
1 L )  (meters) 'J'u 



Table 2 Correc t ion  va lues  t o  be added t o  t h e  va lues  of $ max 

I given above. This  t a b l e  i s  used only when O>L>-50 meters .  

'H c o r r e c t i o n  qU c o r r e c t i o n  



minimalx'amount of mass i n  t h e  su r f ace  l aye r  f o r  numerical s t a b i l i t y  

of t h e  su r f ace  l a y e r  v a r i a b l e s .  This  r e s t r i c t i o n  i s  only needed 

under very  r a r e  ca ses  of extreme s t r a t i f i c a t i o n .  
I 

Fluxes a t  t h e  i n t e r f a c e .  I n  order  t o  determine t h e  f l  xes  a t  t h e  -- Y 
bottom of t h e  su r f ace  l a y e r  t h e  wind, temperature and 

f i l e s  a r e  ex t r apo la t ed  from z downward t o  near  t h e  su r f ace  using t h e  b 

Nickerson-Smiley (N-S) i n t eg ra t ed  p r o f i l e  func t ions .  The lowest 

po in t  t o  which t h e s e  p r o f i l e  shapes apply (which we w i l l  l a b e l  z  ) on 
h 

a r e a l  su r f ace  is  somewhere i n  t h e  v i c i n i t y  of t h e  h ighes t  protruding 

s o l i d  ob jec t s .  General ly ,  f o r  most su r f aces  t h i s  he ight  is  of t h e  

order  z = 102 (e .g.  G a r r a t t ,  1978) al though t h i s  v a l u e  can vary  h 0 

depending on t h e  v e r t i c a l  v a r i a t i o n  of t h e  dens i ty  of t h e  vegeta t ion  

and on t h e  ho r i zon ta l  spacing of p l a n t s  o r  obs t ac l e s .  Given t h e  f luxes  

and mean va lues  of 0 u ,  and q a t  z t h e  N-S equat ions l ead  t o  t h e  
v ' b ' 

mean va lue  a t  z f o r  uns tab le  s t r a t i f i c a t i o n  through t h e  fol lowing 
h 

process .  The N-S i n t e g r a t e d  p r o f i l e  equat ions  a r e  



I f  w e  s e t  z=z i n  t h e  above equat ions and then d iv ide  each equat ion 
i h  

corresponding equat ion f o r  z=z we have, a f t e r  manipulation 
b ' 

Note t h a t  t h e  exac t  N-S equat ions  a r e  requi red  he re  because of t h e  

proximity t o  z , where t h e  e r r o r  i n  Paulson 's  i n t e g r a t i o n s  becomes 
0 

s i g n i f i c a n t .  

NOW i n  order  t o  f i n d  t h e  f l u x e s  leaving  the  p l a n t  canopy, we must 

e  r e p r e s e n t a t i v e  va lues  of temperature,  wind, and mixing r a t i o  

canopy, and we must spec i fy  a  c h a r a c t e r i s t i c  he ight  of t h e  

p l a n t  canopy a s  t h e  source of t h e  c h a r a c t e r i s t i c  va lue .  To do so  

each v a r i a b l e  must be t r e a t e d  sepa ra t e ly .  For momentum, t h e  proper 

c h a r a c t e r i s t i c  he igh t  i s  t h e  experimental ly  determined roughness 

length  z . This  i s  t h e  he igh t  a t  which t h e  i d e a l  wind p r o f i l e  goes 
0 

t o  zero  -- our des i r ed  r e p r e s e n t a t i v e  va lue  i n  t h e  p l a n t  canopy. The 

problem is  l e s s  s t r a igh t fo rward  i n  t h e  case  of t h e  temperature and 

moisture va lues .  The r e p r e s e n t a t i v e  temperature we seek i s  some va lue  

near  t h e  top  of t h e  l a y e r  i n  which most of t h e  s o l a r  r a d i a t i o n  i s  

absorbed. Its c h a r a c t e r i s t i c  he igh t  must be  g r e a t  enough so  t h a t  

t h i s  temperature may be t r ansmi t t ed  t o  t h e  f r e e  atmosphere by con- 

vec t ion  a s  though i t  were unobstructed by s o l i d  ob jec t s .  S imi l a r ly  

1 ,  ' 
t h e  r e p r e s e n t a t i v e  mixing r a t i o  va lue  must come from t h e  upper po r t ion  

qf t h e  l a y e r  of vege ta t ion  i n  which most of t h e  evapot ranspi ra t ion  i s  



t ak ing  place.  C lea r ly  we a r e  dea l ing  wi th  a complex problem, of 

parameter izing four  i n t e r a c t i n g  q u a n t i t i e s :  t h e  r e p r e s e n t a t i v e  t e m -  

pe ra tu re  and mixing r a t i o ,  and t h e i r  c h a r a c t e r i s t i c  he igh t s .  Even 

under f i xed  e x t e r n a l  condi t ions  t h e  fou r  parameters may vary  de- 

pending on t h e  p r o f i l e  of vege ta t ion  dens i ty .  Furthermore t h e  ef- 

f e c t i v e  vege ta t ion  dens i ty  p r o f i l e  f o r  evapot ranspi ra t ion  w i l l  not  

gene ra l ly  be t h e  same a s  t h e  e f f e c t i v e  vege.tation dens i ty  p r o f i l e  

f o r  r a d i a t i o n  exchange; and both p r o f i l e s  may vary  with t h e  time of 

day. To s imp l i fy  t h e  problem f o r  t h i s  model we use  a simple para- 
{ 

mete r i za t ion  t o  spec i fy  a r e p r e s e n t a t i v e  temperature and mixing r a t i o  

f o r  a l l  types  of su r f aces  based on j u s t  one parameter--the t o t a l  

biomass of t h e  i n t e r f a c e  l a y e r  f o r  temperature,  t h e  s o i l  moisture 

content  f o r  mixing r a t i o .  Then t h e  c h a r a c t e r i s t i c  h e i g h t s  a t  which 

these  va lues  should apply a r e  est imated based on t h e  a v a i l a b l e  in- 

formation about t h e  vege ta t ion  a t  each s i t e .  
I I h  

I I (  : 

The temperature t o  be used is  t h e  mean i n t e r f a c e  l a y e r  temperature 
: .  

&,.given by eq. ( 6 ) ,  and t h e  r e p r e s e n t a t i v e  mixing r a t i o  is  t h e  su r f ace  

va lue  q descr ibed by eq. (19) .  I n  order  t o  reach some r a t i o n a l  es- 
S 

t ima te  of t h e  he ight  a t  which t h e s e  va lues  should apply w e  r e f e r  t o  
I 

t h e  s impler  ca se  of t h e  momentum f l u x .  A s  t h e  momentum f l u x  is  

,.parameterized, a l l  momentum i s  represented  a s  t r a n s f e r r i n g  downward, 

without obs t ruc t ion ,  t o  z where t h e r e  i s  an  i n f i n i t e  r e s i s t a n c e  i n  
0 

%pan i n f i n i t e s i m a l  l aye r .  Under t h e s e  assumptions t h e  wind v e l o c i t y  

> * p r o f i l e  i s  descr ibed  by t h e  app ropr i a t e  s u r f a c e  l a y e r  p r o f i l e  func t ion  

[ r i g h t  down t o  zo. I n  f a c t ,  f o r  smal l  z ( ~ < < ( L I )  t h e  p r o f i l e  is  very  
I 

 accurately described by t h e  logar i thmic  ( o r  n e u t r a l )  profi le l .  There- 

f o r e ,  i n  our model, w e  assume a logar i thmic  wind p r o f i l e  betkeen 



) and z and determine t h e  f r i c t i o n  v e l o c i t y  a t  z using 
0' h  

t h e  equhtion 

where u i s  t h e  wind v e l o c i t y  a t  he ight  zh=lOzo. I f ,  i n  exac t  analogy 
h 

t o  t h e  momentum case ,  one were t o  assume t h a t  t h e  source of hea t  and 

moisture i s  an i n f i n i t e s i m a l  l a y e r  a t  z  we could immediately w r i t e  
0 

equat ions s i m i l a r  t o  (32).  However, a s  discussed e a r l i e r ,  t h e  in- 

f i n i t e s i m a l  l a y e r  is a poor assumption on which t o  p r e d i c t  su r f ace  

temperature. Therefore,  u n l i k e  t h e  momentum case  where we can b e  s u r e  

of a  pa ameter iza t ion  t h a t  s e t s  u=O a t  z we cannot so  e a s i l y  d e f i n e  I 0 ' 
a tempe a t u r e  a  z  f o r  such an i d e a l  case.  The observed l e v e l  of 

0 

maximum temperature w i th in  vege ta t ion  i s  gene ra l ly  a t  some he ight  

g r e a t e r  than z (Geiger, 1959). Thus t h e  layer-averaged i n t e r f a c e  
0 

temperature i s  ca l cu la t ed ,  and i t s  c h a r a c t e r i s t i c  he igh t  must be 

est imated.  We assume, s i n c e  t h e  i n t e r f a c e  l a y e r  temperature is  t h e  

average temperature of a l l  s o l i d  mat te r  above z=0, t h a t  t h e  charac te r -  

i s t i c  he ight  should be near  t h e  average top  of t h e  s o l i d  obstacles-- 

i . e . ,  t h e  he ight  where any pro t ruding  elements a r e  a minimal obstruc-  

t i o n  t o  convection. Thus t h e  c h a r a c t e r i s t i c  he ight  i s  chosen s o  t h a t ,  

a s  wi th  t h e  momentum, the  temperature and mois ture  p r o f i l e s  above 

t h i s  he ight  a r e  descr ibed by t h e  app ropr i a t e  su r f ace  l a y e r  p r o f i l e  

func t  ioh. 



Let us  c a l l  t h e  c h a r a c t e r i s t i c  he ight  f o r  temperature z g ,  and 

t h a t  f o r  moisture z  . I f  we i n t e g r a t e  t h e  B-D p r o f i l e  func t ion  from 
4 

z  o r  z t o  zh, we g e t  an equat ion of t h e  form of (29) o r  (24).  I n  
8 q 

both cases ,  when z  c t L  t h e  equat ions reduce t o  logar i thmic  p r o f i l e s  
h  

I 
and we may t h e r e f o r e  w r i t e  

- -  - 
w'q' 

s 0.74 ~n 'h/z 

t I 
It should be noted t h a t  t h e  two he igh t s  z  and z  may be unequal. 

8  q 

The e f f e c t s  of varying t h e  va lues  of z  and z  have been t e s t e d  and 
8 q 

r e s u l t s  a r e  presented i n  chapter  I V .  For t h e  ca ses  of r a t h e r  sparce  

vege ta t ion  a t  OINe i l l  and t h e  Wangara experiment, s a t i s f a c t o r y  re -  

s u l t s  were obtained s e t t i n g  t h e  two h e i g h t s  equal  a t  t h e  fol lowing 

ze=z =1.14z f o r  O'Neil l  
4  0 

- .  9 . 

Zg=zq=2 * O Z  
f o r  Wangara. 

0 

Based on s e v e r a l  s t u d i e s  G a r r a t t  (1978) has  concluded t h a t  an analogous 

c h a r a c t e r i s t i c  he igh t  f o r  temperature z  has  t h e  magnitude z  =z / 7 ,  T T 0 

however t h a t  he igh t  corresponds t o  ameasure t ihor izonta l  average su r f ace  

temperature r a t h e r  than a  v e r t i c a l l y  averaged i n t e r f a c e  l a y e r  va lue  a s  

i s  used here .  F i n a l l y  we should s t a t e  t h a t  t h e  s e n s i b l e  hea t  f l u x  

a t  t h e  su r f ace ,  a s  determined by ~ ' 9 ' ~ ~ ~ i s  ca l cu la t ed  separ  



and i s  b sed upon su r f ace  l a y e r  temperatures a l r eady  m ~ d i f i e d  by t h e  I - 
r a d i a t i v  f l u x  divergence ca l cu la t ion .  So t h e  va lue  of w ' ~ \ ~ w h i c h  

is  ca l cu la t ed  by our model i s  complementary t o  whatever method i s  . 

used t o  determine t h e  r a d i a t i v e  hea t ing  of t h e  su r f ace  and boundary 

l a y e r s  . 
Because we have determined t h e  f l u x e s  of hea t  and momentum a t  

both t h e  upper and lower boundaries  of t h e  su r f ace  l a y e r ,  it i s  

poss ib l e  t o  p r e d i c t  a mean temperature,  moisture,  and wind f o r  t h e  

l aye r  using an equat ion such as eq. (1 ) .  Mathematically such a ca l -  

c u l a t i o n  i s  independent of t h e  temperature and wind s t r u c t u r e  i n  t h e  

PBL above z However, because of t h e  f r e e  exchange of mass between 
b ' 

t h e  su r f ace  l a y e r  and l a y e r s  above, any c a l c u l a t i o n  of t h e  su r f ace  

l aye r  mean temperature and wind must be c l o s e l y  l i nked  wi th  t h e  va lues  

above, o r  unreasonable p r o f i l e s  of t hese  q u a n t i t i e s  would quickly de- 

velop. We w i l l  t h e r e f o r e  de fe r  t h e  d iscuss ion  of t h e  su r f ace  l a y e r  

temperature and wind t o  t h e  next  s e c t i o n  where t h e  e n t i r e  PBL tempera- 

t u r e  and wind s t r u c t u r e  is  discussed.  

C. Outer l a y e r  assumptions. 

The ou te r  l a y e r  o r  mixed l a y e r  extends from t h e  top  of t h e  su r f ace  

l aye r  upward t o  t h e  l e v e l  where t h e  d i r e c t  i n f luence  of t h e  s u r f a c e  

vanishes.  More s p e c i f i c a l l y ,  t h e  upper l i m i t  of t h e  o u t e r  l a y e r  coin- 

c i d e s  wi th  t h e  top  of t h e  PBL a t  he ight  zi f o r  t h e  purposes of t h i s  

model. This  he ight  is  defined a s  t h e  l e v e l  a t  which surface-forced 

thermaland mechanical tu rbulence  disappears .  There is  a v a s t  d i f -  

fe rence  i n  t h e  behavior and depth of t h e  ou te r  l aye r  between day and 

n igh t ,  and it is  t h e r e f o r e  convenient t o  u se  s e p a r a t e  parameter iza t ions  

f o r  each, regime. 



The use of t h e  word parameter iza t ion  h e r e  r e f e r s  t o  t h e  assump- 

t i o n s  which a r e  made about t h e  shape of t h e  temperature and wind 

p r o f i l e s .  A s i n g l e  mean ou te r  l aye r  va lue  of 6 u ,  and v i s  calcu- 
v ' 

l a t e d  based on t h e  assumed p r o f i l e  shapes. During uns t ab le  s t r a t i f i -  

ca t ion ,  t h e  t r a n s i t i o n  l aye r  v a r i a b l e s  a r e  assumed t o  be w e l l  mixed, 

having cons tan t  va lues  with he ight .  An i n f i n i t e s i m a l l y  t h i n  invers ion ,  

o r  zero order  d i s c o n t i n u i t y  of a l l  v a r i a b l e s  i s  assumed a t  z - - t h i s  
i 

i s  t h e  source of t h e  name "jump" model (Ba l l ,  1960; Tennekes, 1973;etcJ.  

The c o r o l l a r y  t o  t h e  assumption t h a t  t h e  uns t ab le  o u t e r  l a y e r  is  we l l  

mixed r e q u i r e s  t h e  eddy f l u x  p r o f i l e s  t o  vary  l i n e a r l y  w i th  he ight  

(with t h e  except ion of t h e  momentum f l u x  p r o f i l e s  under condi t ions  or 

geostrophic shea r ) .  This  i s  supported by observa t ions  and by model 

r e s u l t s  (Lenschow, 1970; Rowland, 1973; Deardorff ,  1972a,1973; C a t t l e  

and Weston? 1975). When t h e  s t r a t i f i c a t i o n  is  s t a b l e  t h e r e  i s  some 

quest ion a s  t o  t h e  proper shape of t h e  p r o f i l e s  of t r a n s i t i o n  l a y e r  

v a r i a b l e s .  Businger and Arya (1974) present  an argument which sugges ts  

t h a t  t h e  p r o f i l e s  should be e s s e n t i a l l y  l i n e a r  above I L I .  On t h e  o the r  

hand, Webb (1970) f i n d s  t h a t  t h e  p r o f i l e s  above h e i g h t l l l  become 

roughly logar i thmic .  We have chosen t o  assume t h a t  t h e  v a r i a b l e s  may 

be represented  by l i n e a r  p r o f i l e s ,  with a f i r s t  o rder  d i s c o n t i n u i t y  

r a t h e r  than a "jump" a t  z . This  assumption seems t o  s a t i s f a c t o r i l y  
i 

f i t  t h e  d a t a  (eg. t h e  Wangara and O 'Nei l l  d a t a  - s e e  f i g u r e s  7 e , f ;  

14 h ;  19 e , f , g , h , i , p  below). The only c o r o l l a r y  s tatement  t h a t  can 

be made about t h e  f l u x  p r o f i l e s  under t h i s  assumption i s  t h a t  they 
- ,  

vary  smoothly wi th  he ight  and a r e  s i n g l e  valued everywhere i n  t h e  

ou te r  l aye r .  Wyngaard (1975), i n  some h igher  order  numerical experi-  

ments, found t h e  f l u x  p r o f i l e s  t o  vary  approximately l i n e a r l y  with 



he igh t ;  however, s i n c e  our model c a l c u l a t e s  only  layer-averaged 
I 

f  t h e  v a r i a b l e s ,  i t  is not  necessary t o  spec i fy  t h e  f l u x  pro- 

It is  only  requi red  t o  know t h e  f l u x  va lues  a t  t h e  top  and 

bottom of each l aye r .  For t h e  s t a b l e  ou te r  l a y e r  t h e  f l u x e s  a t  

t h e  bottom ( a t  zb) a r e  given by ( 2 4 ) ,  (25) and (261, and t h e  f l u x e s  

a t  t h e  top  of t h e  l a y e r  ( z . )  a r e  s e t  t o  zero  by d e f i n i t i o n .  The 
1 

formulat ion o f ,  and t h e  consequences of t hese  assumptions a r e  d i s -  

cussed i n  d e t a i l  below. 

Prev iousparamete r izedPBL models of t he  type used he re  (Lavoie, 

1972; Schubert,  1976) have t r e a t e d  only t h e  uns t ab le  o r  n e u t r a l  

boundary l aye r s .  Considerable e f f o r t  was expended i n  t h i s  s tudy t o  

parameter ize t h e  l e s s  well-understood s t a b l e  case ,  and t o  e f f e c t  a  

t r a n s i t i o n  between uns t ab le  and s t a b l e  regimes which is cons i s t en t  

with observat ions.  Also, new methods of c a l c u l a t i n g  t h e  s t a b l e  and 

uns t ab le  PBL he igh t ,  z  were developed and incorporated i n t o  t h e  
i' 

model. These a r e  d iscussed  i n  t h e  subsec t ion  below. I n  fol lowing 

subsec t ions  we cover t h e  temperature and wind c a l c u l a t i o n s  f o r  t h e  

su r f ace  and t r a n s i t i o n  l a y e r s ,  and t h e  t reatment  of clouds wi th in  

t h e  t r a n s i t  ion  l a y e r .  

1. The he igh t  of t h e  boundary l a y e r ,  z . .  - -- -1- 

I n  t h e  d i a b a t i c  atmosphere, t h e  he ight  of t h e  PBL i s  cont ro l -  

l ed  t o  a  l a r g e  ex ten t  by thermal  forc ing .  During t h e  daytime, hea t  i s  

added a t  t h e  su r f ace  and is t r anspor t ed  upward i n  t h e  form of buoyant 

thermall t u rbu len t  eddies .  These eddies  move f r e e l y  u n t i l  they en- 

I 
counter a  s u f f i c i e n t l y  s t a b l e  l a y e r  of a i r  a t  zi. The continued bom-. 

bardment of t h e  s t a b l e  l a y e r  by t h e  thermals s t e a d i l y  erodes o r  en- 

t r a i n s  t h e  s t a b l e  a i r  s o  t h a t ,  i n  t h e  absence of subsidence, z w i l l  i 



r i s e  a s  long a s  t h e r e  i s  an upward hea t  f l u x  a t  t h e  sur face .  A t  

n i g h t  hea t  i s  removed from t h e  e a r t h ' s  su r f ace ,  and t h e  cold l a y e r  

is  extended upward by mechanical turbulence.  The he igh t  t o  which t h e  

noc tu rna l  invers ion  extends Jz . )  depends on t h e  wind speed a s  wel l  
1 

a s  t h e  cool ing r a t e  a t  t h e  sur face .  We w i l l  f i r s t  d i s cuss  t h e  un- 

s t a b l e  boundary l a y e r  he igh t ,  then t h e  l e s s  well-understood s t a b l e  

boundary l a y e r  he igh t  w i l l  be covered, and f i n a l l y  we w i l l  consider  

t h e  per iods  of t r a n s i t i o n  around s u n r i s e  and sunse t .  

The Unstable - case.  The boundary l a y e r  he ight  i n  an uns tab le  a t -  

mosphere is  a t ime dependent phenomenon i n  t h a t  i t  r e q u i r e s  a  prog- 

n o s t i c  equat ion t o  desc r ibe  i t s  behavior.  This  i s  not  n e c e s s a r i l y  

t h e  case  f o r  t h e  n e u t r a l  and s t a b l e  PBL, which a r e  t o  be  discussed 

l a t e r .  The uns t ab le  boundary l a y e r  is  capped by a s t rong  inve r s ion  

o r  temperature "jump" which, f o r  t h e  purposes of t h i s  model, i s  assumed 

t o  be contained wi th in  an i n f i n i t e s i m a l l y  t h i n  l a y e r .  I n  t h e  ab- 

sence of c louds t h e  average l a p s e  r a t e  below t h e  inve r s ion  i s  dry  

ad iaba t i c .  The he ight  of t h e  invers ion ,  zi, i s  con t ro l l ed  by changes 

of t h e  p o t e n t i a l  temperature i n  t h e  dry  a d i a b a t i c  mixed l a y e r ,  by 

t h e  l apse  r a t e  i n  t h e  s t a b l e  a i r  above z  and by changes i n  t h e  
i' 

invers ion  s t r e n g t h ,  o r  temperature jump A 0  . 
v 

An e a r l y  prognos t ic  equat ion f o r  z  i s  given by Deardorff (1972): 
i 



This s i  p l y  s t a t e s  t h a t  zi responds t o  t h e  changes i n  PBL temperature 

and inv  L r s i o n  s t r e n g t h  i n  a manner p ropor t iona l  t o  t h e  l a p s e  r a t e  of 

t h e  a i r  through which t h e  invers ion  must r i s e ,  Now, t h e  second term 

i n  t h e  parentheses ,  t he  change of mixed l a y e r  temperature,  Ovm, i s  

con t ro l l ed  by t h e  layer-average PBL hea t  f l u x  divergence which $s 

ca l cu la t ed  s e p a r t e l y  ( s ee  below); but  t h e  s t r e n g t h  of t he  invers ion ,  ' 

Bev,  i s  dependent on t h e  a c t i v i t y  a t  t h e  inve r s ion  i t s e l f .  The va lue  

of AOv i s  determined by a balance between t h e  r a t e  of r i s e  of zi and 

and t h e  r a t e  of entrainment of s t a b l e  a i r  from above, In equat ion 

form we have 

For a given r a t e  of rise of t h e  invers ion ,  t h e  downward t r a n s f e r  of 

hea t  w i l l  be  g r e a t e r  i f  t h e  te ip&tz i ture  jump is  l a r g e r .  On t h e  o the r  

hand, f o r  a given entrainment hea t  f l u x ,  a r a p i d l y  r i s i n g  invers ion  

r e q u i r e s  l e s s  temperature jump than a slowly r i s i n g  z . In  order  t o  
i 

c l o s e  t h e  system of eqs.  (36) and ( 3 7 ) ,  Tennekes used t h e  widely 

quoted assumption t h a t  t h e e n t u z t n m e n t r a t e  i s  a f i xed  percentage of 

tli. s d f  ace  hea t  f lux--specif i c a l l y ,  

1 
This  assumption i s  inadequate  f o r  use i n  t h e  p re sen t  model, and a 

more gene ra l  s ta tement  has  been obtained,  which w i l l  be  discussed 

s h o r t l y .  However eq. (38)  is  s a t i s f a c t o r y  f o r  s i t u a t i o n s  where zi  
I : 
t charides only slowly, as i s  t h e  case  i n  t h e  example which fol lows.  



1 

In  order  t o  t e s t  t h e  v a l i d i t y  of eq. (36) and t o  cqmpare i t  wi th  
1 .  

t h e  e a r l i e r  form, eq. (35) ,  we employ t h e  r e s u l t s  of a  s o p h i s t i c a t e d  

numerical model due t o  Deardorff (1974a). Table 1 i n  t h a t  paper t e s t s  

eq. (35) and p re sen t s  most of t h e  numerical va lues  of t h e  v a r i a b l e s  
I 

needed t o  t e s t  t h e  system of eqs.  (36) ,  (37) and (38) .  A modified 

ve r s ion  of t h i s  t a b l e  appears  he re  a s  Table 3.  The c h a ~ g e s  from t h e  

o r i g i n a l  t a b l e  a r e  twofold. F i r s t ,  t h e  t a b l e  has  been expanded s o  

t h a t  it inc ludes  morning va lues  (which were repor ted  by Deardorff 

(1974a) but  no t  included i n  h i s  t a b l e ) ,  and s o  t h a t  i t  inc ludes  an  

a d d i t i o n a l  two columns of d a t a  necessary t o  t e s t  eqs.  ( 3 6 ) ,  (37 )  and 

(38) .  The second modi f ica t ion  t o  t h e  t a b l e  i s  more fundamental i n  

na ture .  The repor ted  va lues  of w'0' and A8 have been modified 
v i v 

a s  a  r e s u l t  of r ede f in ing  z -- a procedure which i s  discuseed below. 
i 

- 1 It i s  necessary t o  c a r e f u l l y  d e f i n e  t h e  boundary l a y e r  top when 

comparing a jump model wi th  " rea l"  h o r i z o n t a l l y  averaged da t a .  The 

d e f i n i t i o n  of z .  used by Deardorff (1974a), which a p p l i e s  t o  h i s  
1 

h o r i z o n t a l l y  averaged numerical r e s u l t s ,  i s  t h a t  it is  t h e  l e v e l  where 

t h e  s e n s i b l e  hea t  f l u x ,  w ' B V V  i s  a minimum ( see  F igure  4) .  The 

jump model assumes t h a t  t h e  hea t  f l u x  decreases  l i n e a r l y  t o  a  minimum 

value  a t  z  above which i t  is zero.  I f  z .  is  a r b i t r a r i l y  assigned 
i' 1 

t h e  same va lue  f o r  t h e  r e a l  d a t a  and t h e  jump model, t h e  t o t a l  nega t ive  

a r e a  wi th in  t h e  w'8' curves w i l l  no t  n e c e s s a r i l y  be  t h e  same f o r  
v  

both  cases ,  a s  i s  shown i n  F igure  4. I n  order  t o  keep t h e  boundary 

l a y e r  represented  by t h e  jump model comparable t o  t h e  d a t a  i t  simu- 

l a t e s ,  z  must be  redef ined ,  and t h e  va lues  of A8 and w'8' 
v  v i  must i 
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Figure 4,  Schematic r ep re sen ta t ion  showing t h e  r e d e f i n i t i o n  of 
z when r e a l  hea t  f l u x  p r o f i l e s  a r e  adapted t o  t h e  jump model. 
i 



be c o d s i s t e n t  wi th  t h e  redef ined  value.  The appropr i a t e  r e d e f i n i t i o n  

is  on+ i n  which t h e  a r e a  of nega t ive  hea t  f l u x  f o r  both s i t u a t i o n s  i s  

kept  dhe same. This  a s su re s  t h a t  t h e  t o t a l  flow of hea t  downward 

i n t o  t h e  PBL i s  t h e  same f o r  model and r e a l i t y .  It i s  a l s o  t h e  equiv- 

a l e n t  of r e q u i r i n g  t h e  buoyant product ion of t u rbu len t  k i n e t i c  energy 

t o  b e  t h e  same i n  both cases .  Because t h e  k i n e t i c  energy considera- 

t i o n s  a r e  q u i t e  important t o  t h e  entrainment process  a t  z a  b r i e f  
I i 

digre&sion  t o  d i scuss  t h e  k i n e t i c  energy balance i s  u s e f u l  here  be- 
_ /  . i 

f o r e  r e tu rn ing  t o  t a b l e  3.  
I . _. 

A s imp l i f i ed  form of t h e  tu rbu len t  k i n e t i c  energy equat ion which 

we w i l l  apply t o  t h e  reg ion  near  z is  given by Z i l i t i n k e v i c h  (1975): 
i 

where is  t h e  l o c a l  va lue  of t u rbu len t  k i n e t i c  energy, and E is  
KE 

t h e  r a t e  of eddy d i s s i p a t i o n  of E. The f i r s t  two terms on t h e  r i g h t  

a r e  t h e  buoyant product ion and v e r t i c a l  t r a n s p o r t  terms r e spec t ive ly .  

I n  t h e  v e r t i c a l  t r a n s p o r t  form t h e  e f f e c t s  of pressure  f l u c t u a t i o n s  

have been ignored. Furthermore, t h e  assumption has  been made t h a t  

buoyant product ion is  s u f f i c i e n t l y  l a r g e  t o  overshadow t h e  mechanical 

genera t ion  of KEY and t h e  l a t t e r  has  been neglec ted .  This  i s  a  good 

assumption f o r  t h e  bulk of t h e  uns t ab le  mixed l aye r  (Tennekes, 1970),  

however near  z t h e  buoyant term i s  small ,  and t h e  complicated e f -  
i 

f e c t s  of wind shear  near  t h e  inve r s ion  become important.  I n  t h e  

v i c i i i t y  of z some k i n e t i c  energy i s  destroyed by t h e  l o c a l  nega t ive  
i 

I 



buoyancy. Unless a l l  t h i s  energy i s  replaced by t r a n s p o r t  from below, 

t h e  process  of entrainment must genera te  t u rbu len t  KE a s  t h e  PBL 

r i s e s  t o  maintain a balance.  The two sources of KE near  z which a r e  
i 

not  accounted f o r  i n  (39) a r e  t h e  mechanical genera t ion  and t h e  

t r a n s p o r t  of p re s su re  f l u c t u a t i o n s .  Recently a more complete and 

meticulously d e t a i l e d  a n a l y s i s  of t h e  tu rbu len t  k i n e t i c  energy 

budget ..as it  a p p l i e s  t o  t h e  capping inve r s ion  has  been presented 

by Zeman and Tennekes (1977). Their  a n a l y s i s  l e a d s  t o  a comprehensive 

equat ion descr ib ing  t h e  behavior of t h e  inve r s ion  he ight  z and t h e  
i 

entrainment r a t e .  This paper i s  recommended f o r  a more complete d is -  

cussion of t h e  sub jec t .  

However, from t h e  incomplete eq. (39) ,  we can s e e  t h a t  i n  order  

f o r  t h e  jump model t o  r ep re sen t  t h e  t r u e  KE balance near  zi, eq. (39) ,  

when i n t e g r a t e d  v e r t i c a l l y  through t h e  l a y e r  of nega t ive  hea t  f l u x ,  

must be  t h e  same f o r  both t h e  jump model and t h e  t r u e  condi t ions .  

Thus t h e  jump model must have a c a r e f u l l y  def ined z which is  not  
i 

n e c e s s a r i l y  t h e  same a s  t h e  "true" h o r i z o n t a l l y  averaged value.  

F i n a l l y ,  r e tu rn ing  t o  Table 3, i t  is  necessary  t o  r e d e f i n e  t h e  va lues  

of w'0' and ABv i n  conjunct ion wi th  t h e  r e d e f i n i t i o n  of z s i n c e  
v i i ' 

~ e a r d o r f f ' s  (1974a) o r i g i n a l  va lues  were est imated from a jump model 

i n  which zi was not  redef ined  (po in t  A on Figure  4) .  I 
Using t h e  c a r e f u l l y  redef ined  va lues  of z w'0' and dBv, 

i' v i '  

determined from t h e  d a t a  presented i n  Deardorf f ' s  paper (1974a), 

Table 3 w a s  cons t ruc ted ,  and t h e  e f f e c t i v e n e s s  of eqs.  (35-38) f o r  

t h i s  ca se  was analyzed. The l a s t  four  c,olumns show t h e  ca l cu la t ed  and 

expected va lues  of t h e  r a t i o  of t h e  r i g h t  and l e f t  s i d e  of! each 



I 
has  been replaced by t h e  n e a r l y  equiva len t  

which r e s u l t s  from applying eqs.  (28) and 
v S 

(38) t o  t h e  jump model. The ca l cu la t ed  r a t i o  - W ' B ' ~ ~  / ~ ' € l ' ~ ~  aP- 

pears  t o  be c o n s i s t e n t  wi th  t h e  expected va lue  except during t h e  

e a r l i e s t  t ime periods.  Between 1000 and 1100 on t h i s  day, t h e  boundary 

l a y e r  w a s  r i s i n g  r a p i d l y  through a nea r ly  dry  a d i a b a t i c  l a y e r  which 

had remained above t h e  noc tu rna l  i nve r s ion  from t h e  convection of 

t he  previous day. It i s  under such condi t ions  t h a t  eq. (38) breaks  

down, and a more gene ra l  formulat ion must be  used ( see  below). The 

A8 r e l a t i o n s h i p  (eq. (37)) appears  t o  be f a i r l y  c o n s i s t e n t  w i th  t h e  
v 

da t a  al though t h e  ca l cu la t ed  va lues  average n e a r l y  t e n  percent  too 

t l a rge .  The t e s t  of eq. (35) appears  t o  show a sys temat ic  decrease 

i n  va lues  of t h e  r a t i o  a s  t h e  day progresses  whi le  a t  t h e  same time 

A8 is  s t e a d i l y  g e t t i n g  l a r g e r .  I n  f a c t ,  i t  appears  t h a t  on t h i s  day, 

t h e  observed growth of A€lv completely accounts  f o r  t h e  sys temat ic  

e r r o r  i n  (35) .  When d(A8v) i s  accounted f o r  (eq. 36 ) ) ,  t h e  p red ic t ion  
d t  

of - dzi is q u i t e  good a s  shown i n  t h e  l a s t  column of Table 3. 
d t  

Considering t h e  example of Table 3, a s  w e l l  a s  t h e  s i m p l i c i t y  

and phys ica l  soundness of eq. (36) ,  we have chosen t o  use  t h i s  re-  

l a t i o n s h i p  along wi th  eq. (37) ,  t o  p r e d i c t  zi. To c l o s e  t h e  system 

a s u i t a b l e  equat ion f o r  w ' e '  must be derived t o  r ep l ace  eq. (38) .  v i 

Returning t o  eq. (39) ,  and fol lowing t h e  reasoning of Z i l i t i n k e v i c h  

(1975), t h e  non-stat ionary k i n e t i c  energy equat ion l eads  t o  t h e  

des i r ed  r e s u l t .  Again, near  z t h e  d iss ipa t ion- te rm i s  small  and 
i 

can bel ignored.  The k i n e t i c  energy i t s e l f  i s  proport iona, l  t o  o w 2, 

t h e  va r i ance  of t h e  v e r t i c a l  v e l o c i t y  f l u c t u a t i o n s ;  and t h e  f l u x  
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*r J 
divergence term is retained and considered to be proportional to 

o 3 / z .  (Tennekes, 1973). As mentioned above, the - 
W 1 

a(E) term is 
at 

dependent on the entrainment rate in some unspecified manner which 

can be represented in a bulk sense by the fractional change of 

boundary lay5r thickness. Therefore we have, following Zilitin- 

kevich (1975) , 
i l l  , 

The last step above comes from applying eq. (371, and helps to 

illustrate the relationship of this term to the entrainment rate. 

Using the above substitutions, eq. (39) becomes 
i 1 3 '  I 

The constants c and c2 were estimated roughly by Tennekes (1975) 1 

to be 3.1 and 8.8 respectively, although these values may range 
1 
higher or lower by as much as a factor of 3. At this point it is 

convenient to assume, for free convection, that the velocity variance 

0 is proportional to the square of the convective velocity scale 
W 

w, which is defined by 

! I I i 1 1  

Strictly speaking this definition originates with the stationary 

kinetic energy budget--setting the left side of eq. (39) equal to 



zero.  However, without  regard t o  i t s  o r i g i n ,  t h e  parameter w, 

i s  a u s e f u l  quan t i t y  because it  appears  t o  be  w e l l  r e l a t e d  t o  \ 

i n  t h e  observa t fona l  d a t a  (Wi l l i s  and Deardorff ,  1974) under nwn- 

s t a t i o n a r y  l abo ra to ry  condi t ions .  s p e c i f i c a l l y ,  t h e  "constant ' '  

2 
of p r o p o r t i o n a l i t y  between o and w,' appears  t o  be a func t fon  o f  

W 

the  non-dimensional he ight  z / z  i n  t h e  l abo ra to ry  d a t a ,  and i t  mag 
i 

a l s o  be a func t ion  of t h e  l apse  r a t e  of t h e  s t a b l e  ai.r above zip 

howeve,r t h e  d a t a  a v a i l a b l e  a r e  w e l l  enough c l u s t e r e d  a t  any given 

h e i g h i  t h a t  it seems acceptab le  t o  p o s t u l a t e  t h e  r e l a t i o n s h i p  

2 The cons tan t  of p r o p o r t i o n a l i t y  i s  no t  important i n  (5 " C3W* . 
W 

t h e  present  a n a l y s i s  a l though near  z it appears  t o  be somewhere 
i 

i n  t h e  range 0.1-0.3. Eq. (40) now may be r e w r i t t e n , , ,  
, ,  , ? .  

I '  8 

11,  ' * 

where a and b a r e  cons t an t s  t o  be determined. Subs t i t u t ing  eq. (41) 

i n t o  t h e  above and rear ranging ,  t h e  f i n a l  r e l a t i o n s h i p  becomes 

w l e  = -wlel 
a t  

( a - b -  
v i v s > c 

W* 

I n  order  t o  determine t h e  va lues  of t h e  cons t an t s  a and b ,  

t h e  following observa t ions  a r e  noted.  When z .  i s  r i s i n g  through 
1 

an a d i a b a t i c  l aye r  t h e  entrainment,  W ' B ' ~ ~ ,  van ishes  so t h e  t e r m  

i n  parentheses  must be zero.  Furthermore, t h e  numerical experiments 

by Deardorff (1974a) r e v e a l  t h a t ,  when r i s i n g  through an  a d i a b a t i c  

-1 ! 
l aye r ,  t h e  r a t e  of r i s e  of z i s  given by 

i 
I ! '  . 



Fina l ly ,  i f  eq. (38) is  assumed t o  be  a c c u r a t e  i n  t h e  s teady  s t a t e  
' I , . ,  . a z i 
s i t u a t i o n  f o r  which i t  was derived (- "O), t h e  cons t an t s  a and b a t  

1,; 
can be uniquely defined.  By imposing eq. (43) i n  t h e  l i m i t i n g  case  

of no entrainment ,  and eq. (38) i n  t h e  l i m i t  of no change i n  z 
i ' 

i t  is  found t h a t  

. b X  f <  , , 
We now have a closed system of equat ions capable of determining 

t h e  he ight  of t h e  uns t ab le  PBL f o r  any va lue  of t h e  l a p s e  r a t e  i n  t h e  

f r e e  a i r  above z I n  p r a c t i c e  a semi-implici t  method i s  employed t~ i' 

so lve  t h i s  system. The following cons ide ra t ions  l ead  t o  t h e  u l t ima te  

equat ion s e t  f o r  c a l c u l a t i n g  z i n  t h e  model: 
i 

1. Eq. (41) i s  used t o  ob ta in  w, from t h e  va lues  
r I?<: 

z i ( t )  and 

2. We combine eqs.  (42) and (37) t o  g e t  w10 I v i  

from t h e  equat ion 

3. A0 (t+At) is  ca l cu la t ed  from (37) using ( zi( t ) -zi  (t-At) ). v 

:&  ! ! ','. 
4. To g e t  z we s t a r t  wi th  eq. ( 3 6 )  and assume t h a t  t h e  l o c a l  

i 

change of z can be  ca l cu la t ed  s e p a r a t e l y  from t h e  e f f e c t s  of 
i 

v e r t i c a l  motion, advect ion and d i f fus ion :  
I 



The d i f f e r e n t i a l  equat ion i s  now i n t e g r a t e d  with r e spec t  t o  

time not ing  t h a t  6 (t+At) i s  no t  y e t  known: 
vM 

W e  now n o t e  t h a t  t h e  second term i n  bracke ts  i s  j u s t  t h e  

va lue  of t h e  f r e e  a i r  temperature a t  he ight  z a t  t ime t ,  
i 

and w e  may w r i t e  t h e  f i n a l  form: 

A l l  s t e p s  may then be repea ted  us ing  updated va lues  but  i t  w a s  found 

1 
unnecessary t o  do s o  i n  p r a c t i c e .  

Eq. (43) r ep l aces  (36) when r , ~  0. Otherwise eq. (43) i s  used 
azi  

a s  t h e  upper l i m i t  t o  - a t  It should be noted he re  t h a t  a l though 

Table 1 was prepared using eq. (38) r a t h e r  than eq. (42) ,  t h e  va lues  

- 1 
of w* during t h a t  experiment remained around 2 m s ec  , so  t h a t  t h e  

e r r o r  i n  w'9' r e s u l t i n g  from t h i s  s i m p l i f i c a t i o n  i s  only a  few 
v i 

percent .  

The equat ion s e t  (36),(37) and (42) has  been compared wi th  an 

equat ion o f f e red  by Deardorff i n  h i s  f i r s t  1974 paper.  The r e s u l t s  

of t h a t  comparison a r e  displayed l a t e r  i n  t h i s  paper ( s e e  F igures  10,  

15, and 22).  Examination of t hese  f i g u r e s  shows t h a t  t h e  equat ions 

presented he re  a r e  somewhat b e t t e r  than t h e  Deardorff equat ion i n  

p red ic t ing  t h e  growth r a t e  of t h e  uns t ab le  boundary l a y e r .  The 

i !- ' 



Deardorff equat ion i s  formulated: 

This  equat ion i s  b a s i c a l l y  a modi f ica t ion  of eq. (35)(using (38) with 

a l a r g e r  cons tan t  than 0 .2)  which a l s o  inc ludes  t h e  case  of I' -t 0. 
L 

In  a d d i t i o n  t h e  Deardorff equat ion was formulated t o  inc lude  two 

cases  where w ' 0 ' + 0. The f i r s t  is  t h e  case  of a completely v s  

n e u t r a l  atmosphere. I n  t h i s  case  t h e  equat ion p r e d i c t s  z t o  approach 
i 

an equi l ibr ium va lue  of 0.33 u*/f. The o the r  s i t u a t i o n  is  t h e  n e u t r a l  

l aye r  capped by an invers ion .  I n  t h i s  ca se  t h e  equat ion i s  arranged 

I t o  agree  with some l abo ra to ry  observa t ions ,  where zi<< 0.33uA/f -- 

' . *no t  a very  r e a l i s t i c  atmospheric s i t u a t i o n .  Both of t h e s e  cases  come 

i n t o  p lay  i n  t h e  atmosphere only during very  b r i e f  per iods  around sun- 

r i s e  and sunse t ,  o r  poss ib ly  under ve ry  dense cloud cover, '  so  t h e  

f a c t  t h a t  they a r e  neglected i n  ( 3 6 ) ,  (37) and (42) i s  no t  considered 

a disadvantage. I n  f a c t  t h e  po r t ions  of t h e  Deardorff equat ion ap- 

. p l i c a b l e  t o  t hese  n e u t r a l  cases  was not  t e s t e d  a t  a l l  i n  t h e  1974 

{paper, and have not  been t e s t e d  aga ins t  atmospheric d a t a  a t  a l l .  

Furthermore t h e  presence of t hese  terms ( s p e c i f i c a l l y  t h e  term i n  

b racke t s  i n  t h e  numerator) produces one of t h e  major sources  of e r r o r  

i n  t h e  Deardorff equat ion under uns t ab le  condi t ions .  Examination of 

f i g u r e s  12,17 and 23 presented l a t e r  i n  t h i s  paper shows t h a t  when 

z < 0.33  u*/f ,  t h e  Deardorff equat ion causes zi t o  r i s e  too  r ap id ly ,  i 



and when zi i s  l a r g e  conpared t~ 0,33 u*/$? t h e  boundary l a ~ e r  i s  

predic ted  t o  grow too  slowly. Also when u, 3s l a r g e ,  a s  i s  t h e  case  

f o r  t h e  O'Neil l  d a t a  (Figures  17 and 31 ) ,  t h e  r a t e  of r t s e  o f  2 %  $S 

s e r i o u s l y  overpredicted by t h e  Deardorff equat ion,  
I 

The o the r  major source of e r r o r  i n  t h i s  equat ion is t h e  neg lec t  

of bev. The inadequacy of eq. ( 3 5 )  due t o  neg lec t  of t h e  t ime r a t e  

of change of bev has been thoroughly discussed above3 and t h e  Deardorff 

equat ion s u f f e r s  t h e  same f a u l t s  s i n c e  i t  i s  based an eq. (35).  The 

l a r g e r  c o e f f i c i e n t  app l i ed  t o  w r b "  ' was an at tempt  t o  amel iora te  
v s  

t h i s  problem without  inc luding  A 0  however t h i s  t reatment  can only 
Y? 

improve t h e  mean va lue  of dz i /d t  over a per iod i n  which some n e t  

change i n  POv occurs .  The growth of t h e  boundary l aye r  w i l l  s t i l l  

be overpredicted when A 8  is growing r ap id ly ,  as i n  t h e  morning, 
IT 

and w i l l  b e  underpredicted when dBv i s  growing slowly o r  d ig in i sh ing ,  

as i n  t h e  l a t e  af ternoon.  

The s t a b l e  - PBL he igh t .  The behavior of t h e  boundary l a y e r  a t  

n igh t  is  no t  w e l l  understood. There is  cons iderable  disagreement 

about t h e  t r u e  shape of t h e  p r o f i l e s  of temperature and wind and t h e i r  

fluxes--even i n  t h e  comparatively s imple su r f ace  l aye r .  Indeed, i t  

has been suggested t h a t  t h e  very  s t a b l e  PBL does no t  have a s teady 

s t a t e  s o l u t i o n  a t  a l l ,  bu t  f l u c t u a t e s  between tu rbu len t  and laminar 

flow. There is  evidence (eg. Businger and Arya, 1974) t h a t  above 

t h e  s u r f a c e  l a y e r  t h e  Richardson number is  maintained a t  very  nea r ly  

i t s  c r i t i c a l  value.  Under such cond i t i ons ,  t h e  s l i g h t  i r r e g u l a r i t i e s  

i n  an otherwise homogeneous n a t u r a l  s u r f a c e  probably func t ion  a s  t h e  

dominant cause of turbulence,  and t h e r e f o r e  may c o n t r o l  t h e  na tu re  of 

t h e  s t a b l e  PBL. The p i c t u r e  presented i s  one of a very  non-homogeneous 

I 



t u rbu len t  s t r u c t u r e  dependent on an i r r e g u l a r  su r f ace  roughness. It 

is  poss ib l e  t o  imagine t h a t  t h e  ho r i zon ta l  averaging processes  rou- 

t i n e l y  used i n  surface-  and boundary - layer  s t u d i e s  become inadequate 

under such conditions-- perhaps becoming inc reas ing ly  meaningless a s  

s t a b i l i t y  i nc reases .  
' , .  

These d i f f i c u l t i e s  notwithstanding,  t h e  present  model r e q u i r e s  

a succ inc t  parameter iza t ion  of t h e  h o r i z o n t a l l y  averaged behavior of 

t h e  s t a b l e  PEL and of i t s  depth. A number of t h e o r e t i c a l  and modelling 

s t u d i e s  (Z i l i t i nkev ich ,  1972 ;  Businger and Arya, 1974; Wyngaard, 1975) 

have found t h a t  t h e  noc tu rna l  boundary l a y e r  he ight  may he propor- 
; ,:! / / I  P 

t i o n a l  t o  t h e  geometric mean of t h e  Obukhov l eng th  and t h e  n e u t r a l  
< ,  ' 

height  parameter u*/f ,  t h a t  i s  

* 
where t h e  cons tan t  a i s  of t h e  order  of un i ty .  However Arya (1977) 
:fi ;, '>'{. , 

shows t h a t  t h e  observed noc tu rna l  i nve r s ion  depth a t  Wangara i s  de- 

sc r ibed  poorly,  i f  a t  a l l ,  by t h i s  r e l a t i o n s h i p .  Yu (1978) a l s o  

t e s t e d  t h i s  equat ion along wi th  a few o t h e r s  inc luding  t h e  f a m i l i a r  

z a U, / f  . I n  t h i s  s tudy  i t  was concluded t h a t  t h e  two d i agnos t i c  
i 

forms a r e  p r e f e r a b l e  t o  t h e  prognos t ic  equat ion t e s t e d ,  bu t  t h a t  none 

of t h e  equat ions proved very  adequate,  p a r t i c u l a r l y  i n  t h e  in te rmedia te  
.I 

s t a b i l i t y  ranges. 
i : c i  ! ,  

P a r t  of t h e  problem of comparing a formulat ion f o r  t h e  noc- 

t u r n a l  z w i th  observa t ions  i s  t o  accu ra t e ly  d e f i n e  and l o c a t e  a 
i 

unique z i n  t h e  obse rva t iona l  da t a .  A good estimate of z when i t  
i i' 

e x i s t s  i n  t h e  d a t a ,  is  t h e  top  of t h e  noc tu rna l  i nve r s ion  (above 



which t$e temperature p r o f i l e  i s  c l o s e  t o  a d i a b a t i c ) .  Defined i n  

t h i s  wab, zi i s  very l i k e l y  t o  r ep re sen t  t h e  l e v e l  t o  which a t  l e a s t  

i n t e rmi  4 t e n t  tu rbulence  extends,  because r a d i a t i o n a l  e f f e c t s  a lone,  

a s  Webb (1970) sugges ts ,  a r e  no t  s u f f i c i e n t  t o  s e r i o u s l y  a f f e c t  t h e  

temperature p r o f i l e  i n  t h e  upper p a r t  of t h e  noc tu rna l  PBL. There- 

f o r e  we seek an  a l t e r n a t i v e  means of desc r ib ing  t h e  observed he igh t  

of t h e  inve r s ion  top  which can be a s soc i a t ed  wi th  t h e  presence of 

turbulence.  

The a v a i l a b l e  evidence (e.g. Webb, 1970; Businger and Arya, 

1974) appears  t o  i n d i c a t e  t h a t  t h e  Richardson number R i  approaches 

a c r i t i c a l  va lue  of 0.2 t o  0.25 as z i nc reases  t o  approach the  

he ight  L, and t h a t  above L, i n  t h e  ou te r  l a y e r ,  t h e  Richardson number 

is  approximately cons tan t  wi th  he ight  and is  near  i t s  c r i t i c a l  value.  

Note t h a t  t h i s  l a t t e r  f i nd ing  f o r  t h e  ou te r  l a y e r  i s  c o n s i s t e n t  wi th  

t h e  assumption t h a t  t h e  p r o f i l e s  of wind and p o t e n t i a l  teinpWature 

a r e  l i n e a r  i n  t h e  o u t e r  l aye r .  Based on t h i s  evidence t h e  assumption 

is  made t h a t  t h e  PBL maintains  a bulk  Richardson number a t  a c r i t i c a l  

va lue  which w i l l  be assigned a numerical va lue  of 0.25, t h a t  i s  

This  equat ion i s  then used t o  determine z by i t e r a t i v e  re -  
i 

l a x a t i o n  between t h e  va lues  of z and t h e  va lues  of 0 and I u 1 i vz 
i i 

The l a t t e r  two q u a n t i t i e s  a r e  determined from l i n e a r  i n t e r p o l a t i o n  

between g r i d  p o i n t s  on t h e  f r e e  atmosphere v e r t i c a l  g r i d  maintained 

by t h e  model. I n  r e a l i t y ,  i f  t h e  i n i t i a l  "guess" of t h e  temperature 



,. apd wind speed a r e  chosen t o  be  t h e  va lues  a t  t h e  l e v e l  of z from 
i 

t h e  previous time s t e p ,  more than two i t e r a t i o n s  were n o t  found ne- 

cessary.  This  is  because 8 and I u I  tend t o  i nc rease  correspondingly 
v 

wi th  he ight  i n  t h e  s t a b l e  PBL (Webb, 1970),  s o  t h a t  t h e  r a t i o  

2 
(Ovz - 0 ) / I u I  is  cons tan t  o r  changes only very slowly wi th  

i VS i 
height .  The inc lus ion  of t h e  su r f ace  l a y e r ,  where Ri<0.25 i n  t h e  

c a l c u l a t i o n  of z by eq. (47) is  considered t o  be a reasonable approxi- 
i 

mation, s i n c e  t h e  s e l e c t i o n  of t h e  cons tan t  0.25 i s  somewhat a rb i -  

t r a r y .  One may i n t e r p r e t  t h i s  cons tan t  a s  a mean va lue  which inc ludes  

lower va lues  i n  t h e  su r f ace  l a y e r ,  and accounts f o r  t h e  observed 

presence of higher  Ri  va lues  i n  t h e  upper e x t r e m i t i e s  of t h e  noc- 

t u r n a l  invers ion .  , . .  . .L , , ?I ( 1 ,  ) .  

A s  mentioned, t h e  choice of 0.25 a s  t h e  c r i t i c a l  va lue  of t h e  

bulk Richardson number is  r a t h e r  sub jec t ive .  It is  o f , c o u r s e  

- 1 
poss ib l e  t o  have a l a y e r  of a i r  w i th  an  o v e r a l l  bulk Richardson num- 

b s r ,  much 1 , ~ r g e r  th,al~ ls,,in, yhAch s i g n i f i c a n t  turbulence e x i s t s  w i th in  

t h i n  l a y e r s  where t h e  l o c a l  R i  is  around 0.25. Such a s t r u c t u r e  was 

found by Woods (1969) i n  s t a b l e  l a y e r s  i n  t h e  ocean. The observa- 

t i o n s  by Woods l e d  him t o  conclude t h a t  t h e r e  a r e  two c r i t i c a l  va lues  

of l o c a l  Richardson number-- t h e  f a m i l i a r  va lue  of 0.25 f o r  ' spontaneous 

i n i t i a t i o n  and maintenance of turbulence,  and a second va lue  of 1.0 

up t o  which turbulence  may e x i s t  i n e r t i a l l y  but  w i l l  no t  develop 

spontaneously. A r ecen t  paper by Kondo, e t  a l .  (1978) s t rong ly  sup- 

p o r t s  woods' r e s u l t s  through observa t ions  i n  t h e  s t a b l e  atmosphere. 

This  s tudy  a l s o  found R i  % 1 .0  t o  be an important th reshold  above 



which t rbulence i s  p r a c t i c a l l y  nonexis ten t .  I n  a d d i t i o n  R i  ~ 0 . 2 5  u 
was fou d t o  be t h e  c r i t i c a l  va lue  f o r  continuous turbulence.  f 

These cons ide ra t ions  suggest  t h a t  t h e  choice f o r  t h e  c r i t i c a l  

bulk Richardson number should be  somewhat l a r g e r  than 0.25--perhaps 

1.0.  Therefore experiments were run  using R i  = 1.0 i n  our model. 

Resul t s  showed t h a t  t h e  ca l cu la t ed  z was always much l a r g e r  than ov- 
i 

served, and t h a t  t h e  ca l cu la t ed  noc turna l  PBL temperature s t r u c t u r e  

was s e r i o u s l y  i n  e r r o r .  Apparently f o r  t h e  s t a b l e  PBL, a s  para- 

meter ized here ,  i t  i s  necessary t o  i n s u r e  t h e  continuous presence 

of tu rbulence  i n  a v e r t i c a l  column. With R i  a s  l a r g e  a s  1 .0  t h e r e  
B 

may be laminar l a y e r s  s epa ra t ing  independent l a y e r s  of turbulence.  

Under such condi t ions  very  l imi t ed  v e r t i c a l  t r a n s p o r t  through a 

deep l a y e r  i s  possible-- there is  l i t t l e  l i nkage  wi th  t h e  e a r t h ' s  

su r f ace ,  t h e r e f o r e  such l a y e r s  should no t  be  considered p a r t  of a 

boundary l a y e r .  

The t r a n s i t i o n  periods.  The period of boundary l a y e r  t r a n s i -  - 

t i o n  may be  roughly defined a s  t h e  period of t ime during which t h e  

tu rbu len t  lower po r t ion  of t h e  atmosphere con ta ins  l a y e r s  of bo th  

upward and downward hea t  f l u x .  The observa t ions  of Kaimal, e t  a l . ,  

(1976) f o r  no r the r ly  winds i n  Minnesota suggest  t h a t  i n  t h e  evening 

t h e  l a y e r  of nega t ive  hea t  f l u x  propagates very  r a p i d l y  downward 

from z t o  t h e  su r f ace  i n  a mat te r  of minutes. However i n  genera l  
i 

t h e  t r a n s i t i o n  may t ake  longer  under some condi t ions ,  and may begin 

a t  t h e  s u r f a c e  and propagate upward-- p a r t i c u l a r l y  during t h e  morning 

t r a n s i t i o n .  It i s  known t h a t  tu rbulence  cont inues f o r  some time a f t e r  

dark i n  t h e  nea r ly  a d i a b a t i c  l a y e r  above t h e  new nocturna l  su r f ace  

invers ion .  To i l l u s t r a t e  a s i t u a t i o n  not  included i n  t h e  observa t ions  



of Kaimal e t  a l . ,  a noc turna l  thunderstorm rooted i n  t h i s  t u rbu len t  

ad i aba t i c  l aye r  t r a n s f e r s  l a r g e  amounts of hea t  upward, while  a t  t h e  

same time turbulence  wi th in  t h e  noc tu rna l  invers ion  i s  t r a n s f e r r i n g  

hea t  downward t o  t h e  cool  sur face .  More genera l ly ,  s i n c e  t h e  primary 

thermal fo rc ing  f o r  t h e  atmosphere comes from t h e  energy balance a t  

t h e  i n t e r f a c e ,  one &ould expect t h e  very lowest l a y e r s  of t h e  atmos- 

phere t o  be t h e  f i r s t  t o  cool  s i g n i f i c a n t l y  i n  t h e  evening and t h e  

f i r s t  t o  warm i n  t h e  morning. Above t h e  lowest l a y e r s  t h e  temperature 

grad ien t  should change s ign  r e f l e c t i n g  t h e  su r f ace  fo rc ing  a t  an 

e a r l i e r  t ime before  t r a n s i t i o n  began. Since it t akes  t ime f o r  t u r -  

bulence t o  d i s s i p a t e  a s  we l l  a s  f o r  t h e  inf luence  of t h e  su r f ace  t o  

be t ransmi t ted  upward, a t u rbu len t  l aye r  through which t h e  temperature 

grad ien t  (and hea t  f l u x )  changes s i g n  can be expected. 

A t  s u n r i s e  t h e  onse t  of upward hea t  f l u x  i s  t r a n s i e n t  and poorly 

defined a t  f i r s t .  The hea t  flows upward only through a very  shallow 

l a y e r  w i th in  t h e  o ld  noc tu rna l  invers ion .  Furthermore t h e  e n t i r e  

complex reg ion  of upward hea t  flow and decaying noc turna l  i nve r s ion  

may be wi th in  t h e  su r f ace  l aye r  ( i f  i t  can be  def ined) .  The va lue  of 

I L I  a t  t h i s  t ime i s  very  l a r g e  and z has  been r e s t r i c t e d  ( see  above) 
b 

so  t h a t  z < 50 m. I n  order  t o  provide a smooth t r a n s i t i o n  from 
b - 

a s t a b l e  t o  an uns t ab le  PBL a f t e r  sun r i se ,  t h i s  r a t h e r  deep s u r f a c e  

l aye r  is very  use fu l .  It provides a l a r g e  "buf f e r l '  mass of a i r  

wi th in  which t h e  t r a n s i e n t  uns t ab le  l a y e r  must e s t a b l i s h  i t s e l f  before  

i t  is  recognized numerically.  A s  t h e  su r f ace  begins t o  warm, w'8' 
VS 

as ca l cu la t ed  by (20) changes s i g n  quickly,  however a s  long a s  0 
I vb 



is l a r g e r  than evS, t h e  hea t  f l u x  a t  zb, (w'B' ) , remains negat ive.  ~ vb 

By linl(ing t h e  d e f i n i t i o n  of t h e  o v e r a l l  s t a b i l i t y  of t h e  PBL t o  t h e  

s i g n  of w'9' we de lay  t h e  t r a n s i t i o n  from s t a b l e  t o  uns t ab le  PBL 
vb ' 

c a l c u l a t i o n s  u n t i l  t h e  uns t ab le  heated l aye r  has  reached a s u b s t a n t i a l  

depth and has become w e l l  e s t ab l i shed .  This  provides t h e  s t a b i l i t y  

necessary t o  e f f e c t  a  sukcessfu l  numerical t r a n s i t i o n  from t h e  equa- 

t i o n s  and assumed p r o f i l e s  f o r  t h e  s t a b l e  PBL t o  those  f o r  t he  un- 

s t a b l e  PBL. To r e i t e r a t e ,  i t  i s  no t  u n t i l  t h e  hea t  f l u x  a t  t h e  top 

of t h e  "sur face  layer"  ( 50 m.) changes s i g n  t h a t  we t r a n s f e r  t h e  

c a l c u l a t i o n s  of z  8 ,u ,  v ,  e t c .  t o  t h e  s e t  of equat ions which apply 
i' 

f o r  t h e  uns t ab le  PBL. 

The s i t u a t i o n  a s  modelled a t  sunse t  i s  very  s imi l a r .  The change 

i n  s i g n  of w'8' t r i g g e r s  t h e  switch t o  t h e  s t a b l e  equat ions.  Once 
vb 

t h i s  occurs ,  z drops very  r a p i d l y  from i ts  daytime va lue  of ~1 t o  
i 

2 km t o  a  n ight t ime va lue  of a few hundred meters.  This  d i f f e r s  from 

t h e  morning t r a n s i t i o n  where z changes very  l i t t l e  during t r a n s i t i o n .  
i ;?>rt 

A s  z drops r ap id ly ,  a  nea r ly  a d i a b a t i c  l a y e r  i s  l e f t  above t h e  noc- 
i 

t u r n a l  z This  l a y e r  con ta ins  r e s i d u a l  tu rbulence  which may a f f e c t  
i' 

t h e  t r u e  he ight  of t h e  noc turna l  PBL, however t h i s  r e s i d u a l  tu r -  

bulence is  not  t r e a t e d  by t h e  present  model. The amount of e r r o r  

introduced by neglec t ing  turbulence  i n  t h i s  " i n e r t i a l "  l a y e r  i s  un- 

c e r t a i n .  The ca l cu la t ed  va lues  of eddy d i f f u s i v i t y  determined by 

Or lanski  e t  a l .  (1974) i n  t h e  i n e r t i a l  l a y e r  dropped only gradual ly  

overnight  and were s t i l l  l a r g e r  than t h e  "background" o r  f r e e  a i r  

minimum va lues  a t  sun r i se .  Wyngaard (1975) and Yamada and Mellor 

(1975), us ing  h igher  order  c l o s u r e  models, found turbulence  above 

I I 



t h e  s t a b l e  l aye r  t o  become n e g l i g i b l e  a f t e r  a  few hours.  The e f f e c t  

of any r e s i d u a l  turbulence w i l l  be  t o  enhance mixing i n  t h e  boundary 

l a y e r  and t o  reduce the  s t r e n g t h  of t h e  noc turna l  i nve r s ibn  and in- 

c r ease  i t s  depth. However, t h e  magnitude of t h i s  e f f e c t  has  y e t  t o  

be determined. 

One a d d i t i o n a l  problem pecu l i a r  t o  t h e  sunse t  t r a n s i t i o n  e x i s t s .  

When ~ ' 0 ' ~ ~  changes s ign ,  t h e  temperature g rad ien t  i s  nea r ly  zero,  

t h e r e f o r e  t h e  s t a b l e  zi equat ion (eq.(47))  g ives  unreasonably l a r g e  

va lues  of z  f o r  t h e  f i r s t  few minutes.  In  order  t o  circumvent t h i s  
i 

d i f f i c u l t y ,  t h e  s t a b l e  PBL is  requi red  t o  be no l a r g e r  than i t s  neu- 

. , ,  t r a l  counterpar t .  That is ,  when t h e  PBL i s  s t a b l e  we r e q u i r e  

I 

where u i s  t h e  f r i c t i o n  v e l o c i t y  a t  z  and f  i s  t h e  c o r i o l i s  para- 
*b b ' 

' a ,>  > 

meter. One a d d i t i o n a l  r e s t r i c t i o n  on z  i s  imposed f o r  numerical 
i 

s t a b i l i t y .  A minimum va lue  of 60 meters  i s  s e t  f o r  z  so  t h a t  t h e  
i 

PBL con ta ins  enough mass t h a t  small  f l u c t u a t i o n s  i n  t h e  hea t  balance 

do no t  cause wi ld  temperature changes. 

2 .  Temperature wind and moisture.  
-9 - 

Af te r  some b a s i c  approximations t h e  t ime r a t e  of change of an 

a r b i t r a r y  atmospheric v a r i a b l e  X i s  descr ibed by eq. (1): 

where Q r ep re sen t s  a l l  sources  and s i n k s  of X. Neglecting advect ion 

and t h e  source  and s i n k  terms, and w r i t i n g  t h e  t ime d e r i v a t i v e  i n  



f i n i t e  h i f f e r e n c e  form wi th  a  s imple f i r s t  o rder  d i f f e r e n c e  scheme, 

eq. ( 1 )  may be  w r i t t e n  

The term on t h e  r i g h t  hand s i d e  i s  evaluated a t  some unspec i f ied  
I 
I 

in te rmedia te  t ime between t and t-&t by v i r t u e  of t h e  order  of cal-  

cu l a t ions .  The va lues  of w'X' used t o  eva lua t e  t h e  v e r t i c a l  eddy 

t r a n s p o r t  term a r e  ca l cu la t ed  (from eqs. (24) ,  (25) ,  (26) ,  (32) ,  (33) ,  

(34) ,  and/or (44))  based on t h e  layer-averaged atmospheric $ - v a l ~ e s  

from t h e  previous time s t e p  ( t - 6 t ) ,  and on t h e  new i n t e r f a c e  l a y e r  
I 

va lues  'X 
s ( t ) *  

A t  t h i s  po in t  we t ake  t h e  layer-average of t h e  above 

equat ion through t h e  l a y e r  z  1 t o  z  2 ' where z  1 i s  t h e  upper boundary i 

of t h a t  l a y e r  (e.  g. zi f o r  t h e  ou te r  l a y e r ) .  The laye?-averiging i s  

performed a t  t ime t by applying t h e  following opera tor :  

Assuming h o r i z o n t a l  homogeneity of t h e  v e r t i c a l  f l uxes ,  t h e  re-  

s u l t i n g  equat ion is  

- 
Z2 ( t )  

W ' X '  - w'X '  

~ - ~ ~ ; ; ; - ~ ~ ) d z  = (Z2-zl) z 1 ( t )  
, - j ? ,  

X w ( t )  -(z2-z1) ( t )  
z2 6 t  

I 



Now t h e  layer-average of X i s  not  r e a d i l y  evaluated i n  terms 
( t - s t )  

of known q u a n t i t i e s .  The va lues  of h v ( t - s t )  a r e  known f o r  t h e  

va r ious  l a y e r s  but  t h e  boundaries of t hese  l a y e r s  do no t  n e c e s s a r i l y  

co inc ide  with t h e  boundaries requi red  a t  t ime t. Therefore i n  order  

t o  eva lua te  t h e  l a y e r  average of X f o r  t h e  requi red  l a y e r ,  a  
(t-st)  

I 
properly cons t ruc ted  average of t h e  known va lues  of X 1 1 ,  from 

LAV(t-dt) 

s e v e r a l  l a y e r s  must be  developed. Assuming t h a t  dens i ty  i s  cons tan t  

wi th  he ight  i n  t h e  reg%on considered,  t h e  layer-averaged opera tor  

a s  def ined i s  mass-weighted, and t h e  mass-weighted layer-average of 

X @-st> may be  w r i t t e n  

I. ' 

where 6z2 = z2(t) - z 2 ( t -d t )  "1 = ' l ( t )  - Z l ( t - d t )  ~ A V  
i s  t h e  

average va lue  of X ( t - s t )  app l i cab le  t o  t h e  l a y e r  6z2, and XIAV is  

defined s i m i l a r l y  t o  X2Av. The f i n a l  expression then  becomes 

- - 
X w ' x '  w ' X f z  

('2-'1) ( t -6 t )  ' ~ ~ ( t - s t )  1 1AV z - X - - - 2 
L A W )  l 6 t .  

(Z2-zl) ( t )  ( Z 2 - z l )  ( t )  

The s p e c i f i c  eva lua t ion  of (48) f o r  PBL temperature,  moisture,  and 

wind is discussed below, then t h e  complete s o l u t i o n  of eq. (1) in- 

cluding source and s i n k  terms f o r  each v a r i a b l e ,  i s  discussed.  

The PBL is divided i n t o  two l a y e r s ,  t h e  su r f ace  l a y e r  and t h e  

mixed o r  ou te r  l a y e r .  Layer averaged va lues  of each v a r i a b l e  a r e  



which $s determined by an approximate i n t e r p o l a t i o n  between XM and 
I 

XS. 
T e  i n t e r p o l a t i o n  i s  performed assuming t h a t  t h e  p r o f i l e  of X 1 I ' 

I .'. 

i s  descr ibed by Paulson 's  i n t e g r a t e d  p r o f i l e  equat ions.  
., 

To reach  t h e  comparison va lues  & w e  begin wi th  eq. (31) re-  

w r i t t e n  f o r  an  a r b i t r a r y  v a r i a b l e  X a t  an unspec i f ied  he ight  z: 
I .  

The symbolism % i s  used in s t ead  of 5 s i n c e  f o r  uns t ab le  cond i t i ons  

t h e  two va lues  must be  equal  i f  X i s  t o  be  continuous a t  z This  
b  ' -. 

symbolism shows t h a t  t h e  comparison va lues  XMA a r e  coupled wi th  

the  ou te r  l a y e r  above through t h e  equat ions t o  be derived.  For t h i s  

I ., 
s i t u a t i o n  t h e  Paulson p r o f i l e s  a r e  used: 

I : Q 

Using t h e  d e f i n i t i o n  of t h e  l a y e r  averaged va lue  XMA we may w r i t e  



calcula$.gd f o r  both l a y e r s .  The ou te r  l a y e r  average i s  de l inea ted  

by t h e  subsc r ip t  M y  and t h e  su r f ace  l a y e r  average by MA. Because t h e  

assumed p r o f i l e s  a r e  d i f f e r e n t  i n  s t a b l e  and uns tab le  condi t ions ,  t h e  

two s t a b i l i t y  cases  a r e  discussed sepa ra t e ly .  

The uns t ab le  su r f ace  l aye r .  I n  t he  su r f ace  l aye r  a l l  v a r i a b l e s  - 

(8, u,  v ,  q) may be t r e a t e d  i d e n t i c a l l y .  The lower boundary, z 
0 ' 

does no t  change. The va lue  z i s  used f o r  a l l  q u a n t i t i e s  ( r a t h e r  
0 

than z and z f o r  consis tancy.  The upper boundary ( z  ) i s  q u i t e  0 q b 

f i c t i t i o u s  i n  t h a t  t h e r e  i s  a vigorous exchange of mass ac ros s  i t .  

Because of t h i s ,  i t  i s  assumed f o r  s i m p l i c i t y  t h a t  when z f a l l s ,  t h e  
b 

r e s u l t a n t  mass leav ing  the su r f ace  l aye r  c a r r i e s  wi th  i t  t h e  mean 

p r o p e r t i e s  of t h e  e n t i r e  su r f ace  l a y e r  r a t h e r  than t h e  s t a t i s t i c a l  

p r o p e r t i e s  of t h e  narrow l a y e r  a t  t h e  top of t h e  su r f ace  l aye r .  

Thus eq. (48) f o r  a l l  v a r i a b l e s  becomes 

('b (t-6t)-Zo)XMA(t-b)+ "bX2AV 
w l X 1  b -wlX'  s - 

h ( t )  - 
- 

- Z 6 t  9 (49) 
Z b ( t )  0 Zb ( t )  -0 

where 

Because t h e  accuracy of t h i s  equa t ion  i s  no t  p e r f e c t ,  i t  i s  p o s s i b l e  

f o r  t h e  su r f ace  l a y e r  X va lues  t o  become decoupled from t h e  mixed 

l a y e r  above, e s p e c i a l l y  when z i s  cons tan t  o r  decreasing i n  value.  
b 

Therefore i t  is  found convenient t o  provide a comparison a l u e  of I %A 



After  i n t e g r a t i o n  holding t h e  fluxes cons t an t  t h e  f i n a l  r e s u l t s  become, 

f o r  X=(l0 , q )  , 
I 
I 

Xs 
Z 
b 

%= xS+ z l n - -  (zb- zo) + 
z 
b 

(z  -2 ) ( l n  - -21nAb 
Zo 

b o z 
0 

and f o r  t h e  wind, assuming d i r e c t i o n  does not  change through t h e  

su r f ace  l a y e r ,  

where 
I 



For f u t u r e  r e f e rence  we conso l ida t e  (50) and (51) i n t o  a gene ra l  

form which may a l s o  apply t o  s t a b l e  condi t ions :  

I f  t h e  va lue  of determined from eq. (49)  s t r a y s  t oo  f a r  from 
," ," 

&, t h e  v a l u e  of i s  used, and t h e  necessary adjustment i n  order  

t o  conserve t h e  t o t a l  PBL q u a n t i t y  of X i s  added t o  $ ( s ee  below). 

Eqs. (50) and (51) i n  e f f e c t  a s su re  t h a t  t h e  su r f ace  l a y e r  and t h e  

mixed l aye r  do not  become decoupled. The maximum allowed d i f f e r e n c e  
-. 

between and is  0 . 5 ' ~  f o r  8, 10 cm sec  -1 f o r  u and v ,  and 

0.02 g kg-' f o r  q. 

The uns t ab le  mixed l a y e r .  I n  t h e  uns t ab le  mixed l a y e r  t h e  - 

mean va lue  XM is  a l s o  assumed t o  be  t h e  t r u e  va lue  a t  a l l  p o i n t s  

w i th in  t h e  l aye r .  A t  t h e  t op  of t h e  mixed l a y e r  t h e  tu rbu len t  

f l uxes ,  by d e f i n i t i o n ,  vanish.  However t h e r e  i s  tu rbu len t  en t ra in-  

ment of a i r  i n t o  t h e  PBL from above which must be accounted f o r .  

This  can be done by one of two exac t ly  equiva len t  methods, t h e  "bulk" 

method i n  which t h e  p r o p e r t i e s  of t h e  s l a b  of a i r  en t r a ined  during 

an increment of t ime a r e  combined i n  a weighted average wi th  t h e  

mean p r o p e r t i e s  a l r eady  e x i s t i n g  wi th in  t h e  mixed l a y e r ,  c!r t h e  



t u rbu len t  t r a n s f e r  method i n  which t h e  tu rbu len t  f l u x  w'X' i s  i 

assumed t o  have some f i n i t e  va lue  immediately below z Tetroon 
I i' 

measurdentk  have shown l a r g e  measured tu rbu len t  f l uxes  t o  e x i s t  

near  z which a r e  explained by t h e  entrainment process  (Deardorff ,  
i 

1973). Thus t h e  tu rbu len t  t r a n s f e r  r ep re sen ta t ion  of entrainment 

appears  t o  be  more phys i ca l ly  d e s c r i p t i v e ,  however t h e  bulk method 

accomplishes t h e  same t r a n s f e r  of p r o p e r t i e s  without being concerned 

wi th  t h e  mechanism of t h e  t r a n s f e r .  The bulk method is  then p a r t i -  

c u l a r l y  s u i t e d  t o  desc r ibe  t h e  t r a n s f e r  of n e a r l y  . -. " ine r t "  p r o p e r t i e s  

of t h e  atmosphere whose tu rbu len t  behavior does not  a f f e c t  t h e  en- 

trainment process  i t s e l f .  I n  t h e  case  of t h e  uns t ab le  mixed l a y e r ,  

entrainment is p r imar i ly  con t ro l l ed  by t h e  h e a t  f l u x ,  ~ ' 9 ' ~ ~  and 

t h e  wind and moisture may be considered i n e r t  q u a n t i t i e s  t o  a  good 

approximation. Therefore,  s i n c e  t h e  va lue  of w19' i s  a v a i l a b l e  
v  i 

from eq. ( 4 2 ) ,  t he  va lue  of BvM(t) i s  ca l cu la t ed  using t h e  tu rbu len t  

t r a n s f e r  method. This  i s  accomplished i n  t h e  framework of eq. (48) 

by r e c a l l i n g  t h a t  eq. (37) s t a t e s  
I 

which i n  f i n i t e  d i f f e r e n c e  form may be w r i t t e n  

' : I "  

where A 0  
v  (AW 

is  t h e  mean va lue  of A8 during t h e  time B t  i n  which v  

z i s  changing by an amount 6 2  Now we no te  t h a t  A 9  v(Av) i s  given 
i I i' 

by t h e  d i f f e r e n c e  between 8  i n  t h e  mixed l aye r  and t h e  average 
VM 



value  of t h e  f r e e  a i r  8 j u s t  above z during t h e  time increment 6 t .  
v i 

The l a t t e r  i s  symbolized by 0 In  equat ion form we have - .  . v2AV' T .  t 

A0 = 0 ( t ) ,  which al lows us t o  w r i t e  
v ( A ~ )  v2AV- 'VM t 

! I 

- 6 t  ~ ~ 8 '  - - evM(t) ( z i ( t )  - z i ( t -6 t ) )  
' I  

. , v i  - G z i e v 2 ~ ~  (53) 

Now i f ,  i n  eq. (48) ,  we le t  X=Ov, z2=zi, and z =z and we mul t ip ly  
1 b' 

both s i d e s  of (48) by (zi-z ) 
b ( t ) '  

then we may apply eq, (53). 

Noting f i r s t  t h a t  ~ ' 0 ' ~  a t  z i s  by d e f i n i t i o n  zero ,  then adding 
i 

t h e  l e f t  s i d e  of (53) t o  t h e  l a s t  term on t h e  r i g h t  s i d e  of ( 4 8 ) ,  

sub t r ac t ing  t h e  r i g h t  s i d e  of (53) from t h e  f i r s t  term on t h e  r i g h t  

of (48) ,  and rear ranging ,  we reach t h e  equat ion f o r  t h e  mean v i r t u a l  

temperature of t h e  uns t ab le  o u t e r  l a y e r :  
i i ,  2 ' 

e -62 0 
(Zi-zb) ( t -S t )  vM(t-6t) b vlAV 

0 - w l e l  
- v i  

evM(t) = z z Vb 6t +ABM. 
i (t-at)-'b ( t )  i( t-&t)- 'b ( t )  

Here 8 i s  t h e  su r f ace  l a y e r  va lue  of 8 which is  mixed i n t o  t h e  
v LAV v 

outer  l aye r  when z drops. Its va lue  must be  i d e n t i c a l  t o  X2AV 
b 

i n  eq. (49) f o r  X = e v  The quan t i t y  ABM r ep re sen t s  t h e  co r r ec t ion  
I 

added t o  t h e  mixed l a y e r  when t h e  s u r f a c e  l aye r  va lue  Ovm is  re -  
* 

s t r a i n e d  by 8 Eq. (54) ,  simply s t a t e d ,  assumes t h a t  z i s  held 
vMA ' i 

cons tan t  during t h e  time s t e p ,  and al lows t h e  ca l cu la t ed  tu rbu len t  

entrainment t o  b r ing  hea t  i n t o  t h e  l aye r  i n  p l ace  of t h e  bulk method. 

1 / '  

F i n a l l y ,  s i n c e  t h e  equat ion s e t  ( 3 7 ) ,  (44) and (45) determines 

t h e  mass entrainment r a t e ,  a z . / a t ,  without  cons ide ra t ion  t o  t h e  
1 



entrainment of momentum o r  moisture,  t h e  va lues  of uM(t) .  vM( t )  , 

and qN(t)  can b e  t r e a t e d  as i n e r t  q u a n t i t i e s  and a r e  determined by 

t h e  bulk entrainment method. This  means t h a t  t h e  va lues  of w'u' i ' 
W ' V '  and w'q' a r e  s e t  a t  zero ,  and, f o r  X = U , V ,  and q, eq. (48) i' i 

becomes 

where 

and 3 i s  t h e  f r e e  atmosphere va lue ,  X2Av i s  a s  def ined i n  (35), and 

A% i s  defined equ iva l en t ly  t o  ABM i n  (54).  

T rans i t i on  per iods .  Two minor cont ingencies  must be accounted 

f o r  during t h e  t r a n s i t i o n  between t h e  s t a b l e  and uns t ab le  regimes. 

F i r s t ,  when t h e  uns t ab le  PBL becomes very  n e a r l y  n e u t r a l ,  t h e r e  i s  

t h e  p o s s i b i l i t y  t h a t  t h e  s i g n  of 8 -8 does not  agree  wi th  t h e  d i -  M MA 

r e c t i o n  of t h e  hea t  f l u x  ind ica t ed  by ~ ' 0 ' ~ ~  . In t h i s  case ,  t he  

hea t  is  r e d i s t r i b u t e d  such t h a t  8 =0 and t h e  e n t i r e  PBL i s  con- 
M MA 

s ide red  n e u t r a l .  Secondly, a t  s u n r i s e  on t h e  f i r s t  t ime s t e p  i n  
I 

which t i e  uns tab le  equat ions a r e  used, t h e  p r o f i l e s  of X ( = ~ , u , v , q )  

a r e  such t h a t  % # Xb. I n  order  t o  i n i t i a l i z e  t h e  proper assumed 

uns tab le  p r o f i l e ,  t h e  quan t i t y  X i s  s i m i l a r l y  r e d i s t r i b u t e d  so t h a t  



The s t a b l e  PBL. Two f e a t u r e s  d i s t i n g u i s h  t h e  c a l c u l a t i o n  of 

t h e  s t a b l e  X va lues  from t h e  uns t ab le  c a l c u l a t i o n s .  F i r s t ,  l i t t l e  

is  known about t h e  n a t u r e  of "entrainment" a t  z under s t a b l e  con- 
i 

d i t i o n s .  There i s  no c o n s i s t e n t  temperature "jump", and i n  many 

cases  t h e r e  is  no t  even a  c l e a r l y  defined change i n  temperature 

g rad ien t  a t  z Indeed, z i t s e l f  i s  o f t e n  hard t o  de f ine  s i n c e  
i' i 

t h e r e  a r e  no r e l i a b l e  d i s t i n g u i s h i n g  f e a t u r e s  i n  t h e  wind o r  moisture 

p r o f i l e s  e i t h e r .  Furthermore t h e  z equat ion we have chosen f o r  
i 

s t a b l e  condi t ions  (eq.(47))  i s  not  prognos t ic ,  which impl ies  t h a t  

tu rbulence  may spontaneously form o r  disappear  w i th in  some l a y e r  i n  

response t o  changing condi t ions  beneath. With such sudden changes 

wi th in  a l a y e r  permit ted i n  t h e  model, t h e  bulk t reatment  of en- 

trainment i s  p re fe r r ed  f o r  a l l  v a r i a b l e s  inc luding  v i r t u a l  p o t e n t i a l  

temperature.  

The o the r  fundamental d i f f e r e n c e  between t h e  s t a b l e  and uns t ab le  

c a l c u l a t i o n s  is t h e  non-zero s lope  of t h e  X p r o f i l e s  w i th in  t h e  ou te r  

l aye r .  During uns t ab le  condi t ions  X = & everywhere wi th in  t h i s  

ax l a y e r ,  however a t  n i g h t  both % and (7) must be  determined. A s  
az M 

a r e s u l t ,  t h e  hv c a l c u l a t i o n  used f o r  t h e  uns t ab le  ca se  produces 

an i n f i n i t e  family of s t a b l e  p r o f i l e s .  A t h i r d  equat ion ( i n  add i t i on  

t o  equat ions f o r  5 and k) is  needed i n  order  t o  determine t h e  

one p r o f i l e  i n  t h e  family which i s  continuous a t  z I n  o the r  words, 
b 

an equat ion i s  needed which r e q u i r e s  t h a t  X,,, ext rapola ted  upward from 

X and XMA, must be equal  t o  t h e  X,, ex t r apo la t ed  downward from X (z  ) 
s L i 

I 
and $. 



No ing  t h a t  t h e  s t a b l e  ou te r  l a y e r  p r o f i l e s  a r e  assumed t o  vary  ! 
l i n e a r l y  w i th  he igh t ,  t h a t  t h e  s t a b l e  su r f ace  l a y e r  p r o f i l e s  a r e  

assumed t o  vary  with he igh t  a s  descr ibed by eq. (52), and t h a t  a l l  

v a r i a b l e s  may be  t r e a t e d  t h e  same here ,  t h e  s e t  of t h r e e  simultaneous 

equat ions t o  be solved f o r  XM, XMA and X a r e :  
b 

z 
-b 

Z 
b 

(%-xs) (zb-z0) ( I n  7 f a '  ) 6.35 f o r  X=(Ov,q) 

\=Xs + 0 

2 2 G. 7 f o r  X=u 
a ' 

- z b - z o  + (zb -ZO 

I %(+s t )  (zi-Zb) ( t -S t )  - % ( t )  (Zi-Zb) ( t )  + 

I :  1 1 -  2 

Eq. (56) desc r ibes  t h e  l i n e a r  change of X through t h e  o u t e r  l a y e r  

wi th  no jump a t  z (57) e x t r a p o l a t e s  upward from and XS t o  g e t  
i' 

a va lue  of (which must equal  t h e  va lue  used i n  (56 ) ) ,  and (58) 

is  simply a mass-weighted s tatement  of t h e  conserva t ion  of X during 
1 , ,  

t h e  t ime increment i n  quest ion.  F i n a l l y  we d e f i n e  



The source and s i n k  terms, Having determined t h e  v e r t i c a l  

I ' 
exchange terms f o r  a l l  v a r i a b l e s ,  we r e t u r n  t o  t h e  complete prog- 

n o s t i c  equat ion f a r  X (eq. 1 ) .  Af t e r  layer-averaging and neglec t ing  
I ' . n - l  

hor i zon ta l  advect ion t h e  expression becomes 

' ,' Now, f o r  X=q,  t h e  y e r t i c a l l y  averaged sources and s inks ,  
QLAV Of 

moisture a r e  n e g l i g i b l e  assuming no condensation. The only source 

of change of p o t e n t i a l  temperature which needs t o  be considered i s  

caused by r a d i a t i v e  processes ,  which w i l l  be covered i n  s e c t i o n  E 

below. 

For momentum, t h e  CoripJJs and ,geos t rophic  terms must be con- 

s idered .  The c o r i o l i s  term provides a  mechanism f o r  exchange of 

momentum between t h e  u  and v  components, and t h e  v e r t i c a l l y  averaged 

geostrophic wind term provides t h e  primary source of t h e  momentum 

which i s  cons t an t ly  d i s s i p a t e d  a t  t h e  su r f ace .  The i n t e r a c t i o n  of 

t hese  two terms wi th  t h e  v e r t i c a l  exchange term warrants  some a n a l y s i s  

Deta i led  numerical experiments by Wyngaard e t  al .  (1974) have 

shown t h a t  i n  an  uns t ab le  PBL wi th  no geos t rophic  shear ,  t h e  v e r t i c a l  

p r o f i l e s  of momentum f l u x  a r e  ve ry  nea r ly  l i n e a r ,  as i s  assumed here,  

d e s p i t e  t h e  i n t e r a c t i o n s  permit ted by t h e  C o r i o l i s  e f f e c t .  The assump- 

t i o n  of l i n e a r i t y  is more c o r r e c t  t h e  s t ronge r  t h e  i n s t a b i l i t y .  On 

t h e  o t h e r  hand, under b a r o c l i n i c  cond i t i ons  t h e  f l u x  p r o f i l e s  become 

extremely non-linear gy-en f o r  weak geos t rophic  shear ,  and i t  would 

appear a t  f i r s t  g lance  t h a t  important f e a t u r e s  of t h e  PBL wind 



s t r u c t u r e  may be missed us ing  t h e  g ros s  v e r t i c a l  averaging employed 

here. I 
But Wyngaard e t  a l .  (1974) show t h a t  t h e  a c t u a l  ca l cu la t ed  

wind shear  i s  s m a l l  compared t o  t h e  geos t rophic  shear  even f o r  

moderately weak i n s t a b i l i t y  (z./L = -50). This  evidence sugges ts  
1 

t h a t  t h e  use  of a  v e r t i c a l l y  averaged geos t rophic  wind i s  acceptab le  

f o r  b a r o c l i n i c  condi t ions  i n  t h e  uns t ab le  PBL, and t h a t  t h e  v e r t i -  

c a l l y  averaged winds obtained i n  t h i s  way w i l l  c lo se ly  fol low t h e  

a c t u a l  wind p r o f i l e .  Therefore t h e  assumptions appl ied  he re  under 

uns tab le  condi t ions ,  t h a t  U (2) may be  represented  by U 
g gLAV 'that 

qz . )=uMin themixed  l a y e r ,  and t h a t  t h e  momentum f l u x  p r o f i l e s  a r e  

l i n e a r ,  may be  considered v a l i d  assumptions even f o r  b a r o c l i n i c  

condi t ions .  

i 
Under s t a b l e  s t r a t i f i c a t i o n  much l e s s  i s  known about t h e  s t r e s s  

p r o f i l e s  o r  t he  t h e o r e t i c a l  shape of t h e  wind p r o f i l e .  I t  is  l i k e l y  

t h a t  t h e  stress p r o f i l e s  a r e  h ighly  nonl inear ,  and i t  is  poss ib l e ,  

a s  mentioned e a r l i e r ,  t h a t  no p r a c t i c a l  "s teady s t a t e "  e x i s t s .  The 

observa t ions  do no t  r u l e  out  t h e  reasonableness  of t h e  l i n e a r  p r o f i l e  

of wind i n  t h e  ou te r  l a y e r  t h a t  i s  assumed here .  Nevertheless  t h e  

ca l cu la t ed  layer-average wind components % and v should be in- M 

t e r p r e t e d  f a r  l e s s  s t r i c t l y  f o r  s t a b l e  condi t ions  than  they may be 

f o r  uns t ab le  condi t ions .  

3. - The cloud-topped - PBL. 

S t r i c t l y  a s  a crude f i r s t  approximation t o  t e s t  t h e  response of 

t h e  model t o  cloud formation, an i n e r t  cloud i s  permit ted t o  form 

below z .  when t h e  humidity reaches 90%. A s  y e t  no provis ion  has  
1 

been made f o r  t h e  formation of p a r t i a l  cloud cover ,  o r  f o r  t h e  



in f luence  of l a t e n t  hea t  r e l e a s e  on t h e  f l u x e s  of h e a t ,  moisture,  o r  

momentum i n  t h e  PBL. The only e f f e c t  considered is  t h a t  upon t h e  

su r f ace  and atmospheric r a d i a t i o n  budget. When p re sen t ,  t h e  cloud 

is  assumed t o  r e f l e c t  60% of t h e  s h o r t  wave r a d i a t i o n ,  and t o  be 

an opaque blackbody t o  longwave r a d i a t i o n .  To determine the  presence 

of t h i s  cloud beneath z and t o  f i n d  t h e  he ight  of i t s  base, z 
i c y 

t h e  following i t e r a t i v e  equat ion i s  used: 

when P i s  t h e  p re s su re  a t  cloud base from which z i s  obtained 
C C 

through t h e  h y d r o s t a t i c  equat ion.  z only  e x i s t s  when P >Pi(zi). 
C C 

Eq. (59) i s  a r a p i d l y  converging form of t h e  Clausius-Clapeyron 

- 2 - 1 
equat ion wi th  P given i n  dynes cm and q i n  gm gm . Since 0 i s  

VM 

assumedto r ep re sen t  t h e  v i r t u a l  p o t e n t i a l  temperature throughout 

t h e  mixed l a y e r ,  t h i s  equat ion i s  obviously only intended f o r  use 

during uns t ab le  per iods .  

D. The f r e e  atmosphere. 

Above z information about temperature,  mois ture ,  and wind i s  
i 

s to red  t o  provide environmental cond i t i ons  through which z must r i s e  
i 

and from which t h e  PBL g e t s  i t s  c h a r a c t e r i s t i c s  by entrainment.  The 

information comes, a t  t h e  t ime of i n i t i a l i z a t i o n ,  from a "raw" 

sounding which may c o n s i s t  of any number of randomly d i s t r i b u t e d  

pressure  l e v e l s .  These d a t a  a r e  s t o r e d ,  and i n  a d d i t i o n  an i n t e r -  

po la ted  sounding wi th  va lues  every 100 meters  from z up t o  4 km AGL i 

is  crea ted .  Dummy va lues  of t h e  v a r i a b l e s  a r e  i n  t h e s e  g r i d  po in t s  

I 



Ii down t o  t h e  s u r t a c e ,  i t  i s  with t h i s  100 meter g r i d  t h a t  

t h e  bulk of t h e  model i n t e r a c t s  d i r e c t l y ,  However a l l  modi f ica t ions  

t o  t h e  f r e e  atmosphere due t o  i n e r t i a l  o s c i l l a t i o n s ,  r a d l a t i o n ,  and 

detrainment from a f a l l i n g  z  a r e  made t o  both t h e  100 meter g r i d  
i 

and t h e  raw sounding g r i d .  Thus maximum f l e x i b i l i t y  is  maintained 

i n  i n t e r a c t i o n  wi th  any l a r g e  s c a l e  model from which t h e  raw sounding 

i s  obtained.  

The model assumes a  l i n e a r  v a r i a t i o n  of a l l  v a r i a b l e s  when i n t e r -  

po la t ing  between p o i n t s  on t h e  100 meter g r i d .  For example, when 

%(zi) i s  ca l cu la t ed ,  t h e  va lue  is  determined by assuming a  l i n e a r  

change of X between t h e  f i r s t  g r i d  poin t  above z and t h e  poin t  i m -  
i 

mediately below z , .  A t  t h i s  lower po in t  a  f i c t i t i o u s  va lue  of X i s  
1 

s to red  which remains unchanged u n t i l  z .  passes  downward p a s t  t h a t  
1 

l e v e l .  This  a s su re s  a c c u r a t e  va lues  of l? X ( z  ), e t c .  when 
I L' L i 
I 

needed. Since t h e  100 meter g r i d  extends only  t o  4 km, z i s  not  
i 

permit ted t o  pass  above t h a t  l e v e l .  
. I ,  ' 

A t  each time s t e p  t h e  fol lowing c a l c u l a t i o n s  a r e  performed a t  

each g r i d  poin t  above z 
i ' 



where Q is  t h e  long wave r a d i a t i v e  f l u x  divergence which is d i s -  
I L W j  

cussed i n  t h e  next  s ec t ion .  The va lue  of K,  t h e  eddy d i f f u s i v i t y ,  

2 is  s e t  a t  5000 cm /sec ,  which al lows only a  weak v e r t i c a l  d i f f u s i o n  

of t he  wind components. The only  o the r  modi f ica t ion  t o  t hese  va lues  

occurs ,  a s  mentioned, when z f a l l s  below a  g r i d  po in t .  When t h i s  
i 

occurs  t h e  PBL is  considered t o  have de t r a ined  a i r  without  change i n  

i t s  p rope r t i e s .  Thus t h e  g r i d  poin t  t akes  on t h e  v a l k e s  of 8 ,  u, 
I 

v ,  and q which had ex i s t ed  a t  t h a t  l e v e l  w i th in  t h e  PBL on thep rev ious  

time s t e p .  Again, both t h e  100 meter and t h e  raw g r i d  a r e  modified 

i n  t h i s  way s o  t h a t  c o n t r o l  may be r e a d i l y  re turned  t o  a  l a r g e  s c a l e  

model r o u t i n e  a t  any time. 

E. The r a d i a t i o n  c a l c u l a t i o n s .  

A complete r a d i a t i v e  cool ing  c a l c u l a t i o n  has  been w r i t t e n  

based on t h e  empir ica l  formulae of Sasamori (1968). The atmosphere 

is  divided i n t o  a  v a r i a b l e  number of l a y e r s  and a  cool ing  r a t e  is  

determined f o r  each. The lowest two l a y e r s  a r e  always t h e  su r f ace  

and o u t e r  l a y e r s  of t h e  PBL, and t h e  remaining f r e e  atmosphere l a y e r s  

gene ra l ly  co inc ide  wi th  t h e  l e v e l s  of t h e  raw inpu t  sounding. When 

a  cloud i s  p re sen t  i t  i s  t r e a t e d  a s  a blackbody and independent 

cool ing r a t e s  a r e  determined above and below. The raw sounding, t h e  

100 meter g r i d ,  and t h e  va lues  of OM and 8  a r e  a l l  modified fo l -  MA 

lowing t h e  r e s u l t s  of t h e  r a d i a t i o n  c a l c u l a t i o n .  

The c a l c u l a t i o n  i t s e l f  accounts  f o r  t h e  in f luence  of both water 

vapor and carbon dioxide.  It i s  assumed t h a t  C02 absorbs only i n  

t h e  15  pm reg ion  where t h e  overlapping H20 absorb t ion  i s  given by 



sasamori (1968). The t r ansmis s iv i ty  of t h e  mixture of gasses  is  

assumed, fol lowing Yamamoto (1952), t o  be given by t h e  product of 

t h e  t r a n s m i s s i v i t i e s  of t h e  ind iv idua l  gasses .  

I n  a d d i t i o n  a  crude parameter iza t ion  has  been included which 

accounts  f o r  t h e  absorb t ion  of s h o r t  wave r a d i a t i o n  by water vapor. 

It begins with t h e  assumption t h a t  12% of t h e  s o l a r  cons tan t  i s  ab- 

sorbed by water vapor whenever t h e  sun i s  above t h e  horizon (see  

Chapter 111, A.1.). A t  low s o l a r  e l eva t ion  angles  t h e  decreased 

i n t e n s i t y  on a  ho r i zon ta l  su r f ace  is  assumed t o  be o f f s e t  by the  

increased o p t i c a l  depth o r  pa th  l eng th  of water  vapor i n  each l a y e r .  

i 
A l a y e r  absorbs energy i n  amount p ropor t iona l  t o  t he  f r a c t i o n  of 

t h e  t o t a l  atmospheric water vapor it conta ins .  The r e s u l t i n g  

parameter iza t ion  i s  a s  fol lows f o r  an  a r b i t r a r y  l a y e r  of th ickness  Az: 
I 7 . .  t 

where UW is t h e  e f f e c t i v e  t o t a l  o p t i c a l  depth of water vapor given by 

, po = 1000 mb. 

. I 

F. App l i cab i l i t y  t o  non-homogeneous t e r r a i n  

A cons iderable  amount of work has been done with s o l u t i o n s  of 

su r f ace  l a y e r  systems over abrupt  changes i n  su r f ace  roughness 

(e.g.  Rao e t  a l . ,  1974; Taylor ,  1970; Peterson,  1971). Unfortunately 

these  s t u d i e s  do not  gene ra l ly  consider  t h e  e f f e c t s  above t h e  su r f ace  

l aye r  nor  do they examine a  wide range of s t a b i l i t i e s .  The s t a b l e  
I *  r .  T c . , s  b 



PBL has again been neglected.  S tudies  pursuing t h e  e f f e c t  on t h e  

PBL of a  change i n  su r f ace  s lope ,  o r  of a  gradual  change i n  roughness 

a r e  l imi t ed  t o  one r ecen t  explora tory  s tudy by Lo (1977). However 

a  few conclusions may be drawn from t h e  work which has  been done. It 

I 
is  t h e  genera l  consensus t h a t  equi l ibr ium i s  r ees t ab l i shed  t o  a  

he ight  h  = 0.01~ a t  a d i s t a n c e  x downstream from a sudden roughness 

change under n e u t r a l  condi t ions .  This  he igh t  appears  t o  be l a r g e r  

f o r  uns t ab le  cond i t i ons  and poss ib ly  smal le r  f o r  s t a b l e  s t r a t i f i -  

ca t ion .  I n  t h e  uns t ab le  mixed l a y e r  during f r e e  convection t h e  e f -  

f e c t  of changes i n  su r f ace  condi t ions  t h e o r e t i c a l l y  becomes s m a l l .  

Mesoscale s t u d i e s  such a s  t h e  sea  breeze model of P i e lke  (1973) 

have used a  r a t h e r  f i n e  g r i d  mesh (Ax = llkm.) ac ros s  v a r i a b l e  

t e r r a i n  without  cons ider ing  t h e  e f f e c t s  of inhomogeneous su r f ace  

condi t ions  on t h e  PBL formulat ion,  and any de t r imen ta l  e f f e c t s  have 

gone undetected. F ina l ly ,  t h e  most common n a t u r a l  form of inhomo- 

genei ty  is  t h e  gene ra l ly  homogeneous su r f ace  strewn wi th  random 

obs t ac l e s  such a s  t r e e s ,  houses, fences,  roads,  rocks,  ponds, 

g u l l i e s  and smal l  h i l l s .  It is  suggested t h a t  wi th  a h o r i z o n t a l  

g r i d  spacing much l a r g e r  than t h e  o b s t a c l e s  themselves (1.e. a 

few k i lometers ) ,  t he se  o b s t a c l e s  may b e  r e a d i l y  included i n  a hor i -  

z o n t a l  mean roughness 2 , (F i ed le r ,  e t  a l . ,  1971, as re ferenced  i n  
0 

\ 

Deardorff ,  1972b; Kung, 1963, a s  re ferenced  i n  Arya, 1977; Thompson, 

1978) and t h e  su r f ace  may be considered homogeneous. 

I n  conclusion,  t h e  fol lowing t e n t a t i v e  recommendations a r e  made: 

For complete accuracy t h e  minimum h o r i z o n t a l  g r i d  spacing s h o u l d  be  

approximately l00l~l f o r  uns t ab le  condi t ions  and a t  l e a s t  100 zi 



f o r  q e u t r a l  and s t a b l e  condi t ions .  However if nQ abrupt  changes i n  

su r f ace  condi t ions  occur o r  i f  t h e  abrupt  changes occur only in- 1 :  I 

f r equen t ly  along t h e  t r a j e c t o r y  of t h e  a i r f l ow,  a considerably f i n e r  

g r i d  may be  used without  s e r i o u s  d i f f i c u l t i e s .  

G. I n i t i a l i z a t i o n  and numerical s o l u t i o n  

When t h i s  model is  used as a PBL parameter iza t ion  f o r  a meso- 

s c a l e  2- o r  3- dimensional s tudy ,  a l a r g e  p a r t  of t h e  i n i t i a l i z a t i o n  

i s  provided by t h e  parent  model. For example t h e  raw sounding simply 

c o n s i s t s  of t h e  va lues  from a v e r t i c a l  column of g r i d  po in t s .  The 

parameters requi red  f o r  t h i s  sounding a r e  pressure ,  temperature,  mixing 

r a t i o ,  u, v ,  and w wind components, and t h e  geos t rophic  winds U 
g 

and v . I n  a d d i t i o n  t o  t h e  sounding, 23 o the r  v a r i a b l e s  must be 
g 

i n i t i a l i z e d  from t h e  parent  model, s to red  a t  each h o r i z o n t a l  g r i d  

po in t ,  o r  mathematically represented  a s  func t ions  of ho r i zon ta l  

space. These a r e  T s~ evMy eVm, UM, VM' k, Vm, qM, 4 p f A 4 s  t h e  

t h e  s o i l  mois ture  W ,  dew accumulation D ,  z z z L ,  az,/at ,  bev, 
i' b' o' 

cloud cover parameter c ,  biomass mc albedo a ,  s o i l  temperature 
s y T5cm 

and s o i l  conduct iv i ty  k. Other miscel laneous q u a n t i t i e s  which must 

be provided a r e  t h e  time t ,  l a t i t u d e  $, day number d,  t ime s t e p  6 t ,  
A 

dh 
and t h e  s lope  of t h e  su r f ace  S . From experience it has  been 

d s 
found t h a t  t h e  s e l e c t i o n  of i n i t i a l  va lues  of such b a s i c  q u a n t i t i e s  

a s  8 ,  u ,  v ,  q ,  a n d z i i s  no t  c r i t i c a l  t o  t h e  s o l u t i o n  a f t e r  about an  

hour of simulated time. Given a reasonable  s e t  of input  va lues ,  t h e  

model w i l l  qu ick ly  seek i t s  own "equilibrium". I n i t i a l  va lues  used 

i n  t h e  experiments repor ted  h e r e  a r e  given i n  t h e  appendix. 



A s  a  r e s u l t  of t h e  e f f o r t  t o  maintain numerical s i m p l i c i t y  

and b r e v i t y  t h e r e  a r e  no nonl inear  terms i n  t h e  non-advectiye 

(ho r i zon ta l ly  homogeneous) po r t ion  of t h i s  model except f o r  t h e  

v e r t i c a l  d i f f u s i o n  of wind above z which i s  s t a b l e  f o r  time s t e p s  
i 

up t o  one hour, A simple Euler o r  forward time d i f f e renc ing  has been 

used and t h e r e  a r e  no o t h e r  e a s i l y  recognized t h e o r e t i c a l  r e s t r i c -  

t i o n s  t o  t h e  t ime s t ep .  A t ime s t e p  of 3 minutes was used f o r  a l l  

experiments repor ted  he re ,  The f u l l  c a l c u l a t i o n s  f o r  one time s t e p  

r e q u i r e  about 0.2 seconds on a  CDC 6400, more than ha l f  of which is  

consumed by t h e  r a d i a t i o n  f l u x  r o u t i n e ,  It w i l l  be poss ib l e  t o  

lengthen t h e  p r a c t i c a l  t ime stepandimprove t'he c a l c u l a t i o n  speed i n  

t h e  f u t u r e  with t h e  use  of improved coding and a  more soph i s t i ca t ed  

time d i f f e r e n c e  scheme. 

A s  a  review of t h e  equat ions  used i n  t h e  so lu t ion ,  an o u t l i n e  

of t h e  order  of t h e  c a l c u l a t i o n s  i s  presented.  

1 ) .  The i n i t i a l  d a t a  i s  read and t h e  raw sounding i s  i n t e r -  

po la ted  t o  t h e  100 meter g r i d .  

2).  The su r f ace  energy budget i s  compiled, one component a t  a  

t ime, a f t e r  which t h e  new su r face  temperature is ca l cu la t ed  

from eq. ( 6 ) .  

a )  t h e  incoming s o l a r  r a d i a t i o n  component i s  determined 

by eq. (10). 

b) t h e  complete r a d i a t i o n  c a l c u l a t i o n  i s  performed, t he  

temperatures  a t  a l l  l e v e l s  a r e  modified, and \+ is 

determined f o r  t h e  n e t  longwave component given by 



c )  The l a t e n t  h e a t  f l u x  is  ca l cu la t ed  from eqs. (19) and 

(20) 

d)  The s e n s i b l e  hea t  f l u x  is obtained from eqs. (33) and 

(34) 

e )  The s o i l  h e a t  f l u x  term i s  parameterized by eq. (23).  

3 ) .  The momgptum f l u x  a t  zo is  determined from eq. (32).  

4) .  The s u r f a c e  l a y e r  h e a t ,  moisture,  and momentum f l u x e s  and 

t h e  he ight  z a r e  determined wi th  t h e  use  of eqs. (24-27). 
b 

5). The he ight  of t h e  PBL i s  determined e i t h e r  from t h e  

1 equat ion s e t  (37) ,  (41) ,  (43) ,  (44) ,  and (45) o r  when t h e  

s t r a t i f i c a t i o n  is s t a b l e ,  from t h e  sma1,ler va lue  of z 
i 

determined by eq. (47) o r  0.3 ukb/ If I . 
6). The ex i s t ence  of a cloud below zi is  a sce r t a ined  us ing  

eq. (59).  

7). The va lues  of 5 t o  be  en t r a ined  when z r i s e s  a r e  determined, 
i 

.: 1 o r  t h e  l a r g e  s c a l e  is  modified as z f a l l s .  ,:, ., 
i 

8). The s u r f a c e  and o u t e r  l a y e r  mean temperature,  wind component, 

and mois ture  v e r t i c a l  exchange terms a r e  ca l cu la t ed  from 

eqs. (49-58). , I t  lr 

9).  The wind c a l c u l a t i o n s  a r e  completed by inc lus ion  of t he  

. 1 c o r i o l i s  and geos t rophic  terms, and t h e  f r e e  atmosphere 

, , 1 wind o s c i l l a t i o n  i s  ca l cu la t ed .  

/ .  10) .  I n  p l ace  of s t e p  (9) c o n t r o l  may be re turned  t o  t h e  parent  

, mesoscale model f o r  c a l c u l a t i o n  of t h e  complete advec t ive  

1 equat ions  f o r  9 ,  q ,  u,  v ,  fol lowing which we r e t u r n  t o  



s t e p  (1) .  Otherwise f o r  t h e  one dimensional experiments 

performed he re ,  t h e  time s t e p  is  advanced, va lues  a r e  

p r i n t e d ,  and we r e t u r n  t o  s t e p  ( 2 ) .  

H. Appl ica t ion  t o  a parent  model. 

The techniques f o r  applying t h e  model devloped h e r e  t o  a parent  

2- o r  3-dimensional mesoscale o r  g l o b a l  s c a l e  model w i l l  vary  de- 

pending on t h e  s p e c i f i c  d e t a i l s  of t h e  parent  model, however some 
f 
I 

gene ra l  cons ide ra t ions  a r e  given h e r e  which should be app l i cab le  t o  

most models. We p re sen t  t h r e e  b a s i c  modes of i n t e r a c t i o n  between 

parent  model and PBL parameter iza t ion  which w i l l  be def ined a s  they 
I 

a r e  presented.  

! a P a r t i a l  Applicat ion.  Many of t h e  concepts presented i n  t h i s  

r e p o r t  a r e  p e r f e c t l y  amenable t o  use  out  of contex t .  Such th ings  a s  

t h e  i n t e r f a c e  temperature c a l c u l a t i o n ,  any of t h e  s u r f a c e  energy 

components, o r  t h e  technique f o r  c a l c u l a t i n g  zi may be borrowed in- 

d i v i d u a l l y  and appl ied  t o  o t h e r  models w i th  l i t t l e  d i f f i c u l t y .  

2. D i rec t  Adaption. This  technique impl ies  tak ing  t h e  PBL 

parameter iza t ion  developed he re  and incorpora t ing  it  i n t o  an  e x i s t i n g  

o r  new model w i th  as l i t t l e  i n c r e a s e  i n  d a t a  s to rage  and computation 

a s  poss ib le .  It r e q u i r e s  s to rage  o r  s p e c i f i c a t i o n  of t h e  23 v a r i a b l e s  

needed t o  i n i t i a l i z e  t h e  PBL model, but  t h e  .sounding of wind, tempera- 

t u r e ,  and mois ture  a r e  i n t e r p o l a t e d  from t h e  parent  model g r i d  each 

time t h e  PBL model i s  c a l l e d  ( s e e  f i g u r e  5);: This  method provides 

v e r t i c a l  r e s o l u t i o n  which i s  only  as good a s ,  t h e  parent  model above 

z Thus t h e  behavior of t h e  PBL, as i t  is  a f f e c t e d  by entrainment 
i' 



I 

Direc t  Adaption: Parent  F u l l  Employment: 
PRL Grid Recreated Model - PBL Grid s t o r e d  

from pa ren t  model 
- 

g r i d  a t  each h o r i z o n t a l  
g r i d  when needed. g r i d  p o i n t .  

Q 

( i f  and only  i f  x i  is  a y PBL ent ra inment  o r  detrainment  PBL 
o r  by mixizg-dze- t_o _a - - - - -  

0 
0 

r e s o l u t i o n  of g r a d i e n t s  j u s t  
above Z i =  r e s o l u t i o n  of above Zi= r e s o l u t i o n  of PBL 

0 parent  model 
0 

- - - -  - - - - -  advec t ive  changes of Z i  - - - - - - - - - - - - - - - -  
o (both models t h e  same) 
0 

mass weighted advec t ive ,  e t c .  exac t  conserva t ion  of x i s  
maintained f o r  entrainment  
and detrainment  

F r i c t i o n a l  changes of x 

- - 
0 

- - - - - - - - - - - - - - - - -  

Figure  5. Schematic of some i n t e r a c t i o n s  between pa ren t  
model and two forms of a p p l i c a t i o n  of t h e  PBL model. 



through z is  gene ra l ly  l e s s  accu ra t e ly  descr ibed than by t h e  
i' 

f u l l  employment method discussed below. 

3. F u l l  Employment. This  method r equ ie s  g r e a t e r  d a t a  s to rage  

capac i ty  i n  order  t o  provide b e t t e r  v e r t i c a l  r e s o l u t i o n  above z . 
I i 

The added s t o r a g e  requi red  i s  t o  hold poss ib ly  20-40 va lues  each of 

ev, u,  v, and q a t  every h o r i z o n t a l  g r i d  point--however t h e  u,  v ,  

and q vallues could probably be  t r e a t e d  as i n  t h e  d i r e c t  adapt ion 

method wi th  comparatively l i t t l e  added e r r o r .  Then only a v e r t i c a l  

column of 8 va lues  would be  requi red .  This  is  a new and u n t r i e d  
v 

idea  and i t  may be  found t h a t  t h e  c o s t  i n  computer s to rage  exceeds 

t h e  b e n e f i t  of t h e  more a c c u r a t e  d e s c r i p t i o n  of t h e  PBL behavior.  

Figure 5 d i sp l ays  t h e  d i f f e r e n c e s  between t h i s  and t h e  d i r e c t  adapt ion  

method--which a r e  p r imar i ly  above z Below zi i t  is  envisioned t h a t  
i* 

i n  both techniqueL5he pa ren t  model g r i d  po in t s ,  i f  any, a r e  used 

t o  determine advec t ive  changes of t h e  & a y e r . g s r a g e d  va rab le s  $ and 

k, but  t h e  p r o f i l e s  of X a r e  con t ro l l ed  by t h e  PBL model and its 

parameter iza t ion  of f r i c t i o n a l  e f f e c t s .  I f  t h e  parent  model conta ins  

enough v e r t i c a l  r e s o l u t i o n  t h a t  a t  l e a s t  one poin t  above t h e  su r f ace  

is  nea r ly  always wi th in  t h e  PBL, one might consider  t y ing  t h e  pre- 

sq r ib sd  depth bz of t h a t  l a y e r  t o  t h e  v a l u e  of z . This  would make 
% i 

+ 
t h e  advec t ive  c a l c u l a t i o n  of % much more exact .  The r a d i a t i v e  di-  

vergence c a l c u l a t i o n  as modelled he re  is  based on t h e  parent  model 

g r i d  va lues  above z and on T and T below z . .  
i M MA 1 

The parameter iza t ion  presented i n  t h i s  r e p o r t  p rovides  some 

s p e c i a l  advantages t o  t h e  mesoscale and g loba l  s c a l e  modeller.  The 

s to rage  of t h e  mean va lues  XM and independent of t h e  g r j d  poin t  



v a l u  s i n  t h e  pa ren t  model provides improved r e s o l u t i o n  of t h e  PBL 

wi th  1 u t  adding more advec t ive  ca l cu la t ions .  S imi l a r ly  above zi t h e  

100 meter g r i d  which i s  maintained by t h e  PBL model adds no advec t ive  

c a l c u l a t i o n s  (even i n  t h e  f u l l  employment method) but  provides b e t t e r  

r e s o l u t i o n  of t h e  entrainment and detrainment processes .  F i n a l l y  t h e  

I 
accu ra t e  r ep re sen ta t ion  of su r f ace  temperature--even i f  no o t h e r  p a r t  

of t h e  model is applied--can improve t h e  q u a n t i t a t i v e  r e s u l t s  1 1 1 of I ,  any 

model. 



I V .  TESTING THE MODEL 

Because of t h e  v e r s a t i l i t y  and r e l a t i v e  s i m p l i c i t y  of t h e  model 

developed he re  i t  has been poss ib l e  t o  perform t e s t s  under a v a r i e t y  

of condi t ions ,  and t o  vary  a number of parameters i n  order  t o  check 

I 
t h e  s e n s i t i v i t y  of t h e  model t o  them. The f i r s t  p a r t  of t h i s  chapter  

d i scusses  t h e  fou r  b a s i c  ca ses  t h a t  have been modelled, then i n  t h e  

l a t t e r  p a r t  t h e  responses of t h e  model t o  va r ious  "s t imuli"  a r e  

discussed.  

A.  Comparison wi th  observa t ions  and wi th  o t h e r  models. 

It is  f e l t  t h a t  any boundary l a y e r  model o r  parameter iza t ion  which 

i s  t o  be  considered u s e f u l  i n  desc r ib ing  a wide range of condi t ions  

should f i r s t  be c a r e f u l l y  t e s t e d  under a wide range of c q n d i t i ~ n s ,  

I 
Many models i n  t h e  l i t e r a t u r e  a r e  compared aga ins t  one s e t  of ob- 

s e r v a t i o n s  i n  one case  s tudy  and then a r e  "let loose" i n t o  t h e  scien-  

t i f i c  community. Such models run  t h e  r i s k  of having been inadve r t en t ly  

11 tuned" t o  one p a r t i c u l a r  d a t a  set, and they may be f a r  less accu ra t e  

i n  another  s i t u a t i o n .  To avoid t h i s ,  t h e  p re sen t  model has  been 

t e s t e d  a g a i n s t  four  d i s t i n c t  per iods  of obse rva t iona l  d a t a  from two 

d i f f e r e n t  d a t a  s e t s ,  and h a s  been, a t  t h e  same time, compared wi th  

t h e  c a l c u l a t i o n s  of o t h e r  models which have used t h e  same da t a .  The 

case  s t u d i e s  chosen a r e  t h e  following: 

1 ) .  Day 33 of t h e  Wangara experiment (Clarke, e t  a l . ,  1971),  

which was a c l e a r  win ter  day a t  about 3 5 O ~  wi th  d ry  s o i l  and l i g h t  

winds. Other models which have used t h i s  d a t a ,  and which a r e  d is -  

cussed below a r e  t hose  due t o  Deardorff (1974a), Wyngaard and Cot6 



(19741, and P i e l k e  and Mahrer (1975). The former two a r e  h igh  order  

closuke models and t h e  l a t t e r  i s  an  eddy v i s c o s i t y  t ype  PBL para- 

me te r i za t ion  designed f o r  u s e  i n  a mesoscale model. 

2) .  General observa t ion  period 2 a t  OINe i l l ,  Nebraska (Let tau  

and Davidson, 1957). This  was a c l e a r ,  h o t  breezy summer day near  

42' N wi th  f a i r l y  moist  s o i l .  

3 ) .  General observa t ion  period 5 a t  O'Neil l ,  Nebraska-- a 

c l e a r  ho t  windy p a i r  of days i n  l a t e  summer with dry  s o i l  and wi th  

poss ib l e  co ld  advect ion and cons iderable  mois ture  advect ion from a 
d 

\ 

l a r g e  i r r i g a t e d  r eg ion  upwind. Another s tudy  o'f t h i s  per iod ,  which 

is  used f o r  comparison he re ,  is  t h e  one dimensional m i c r o ~ e t e o r o -  

l o g i c a l  model of Sasamori (1970). 

4) .  Day 16 of t h e  Wangara experiment was a p a r t l y  cloudy winter  

day with dry  s o i l  but  high r e l a t i v e  humidity,  and wi th  a n  approxi- 

mately l i n e a r  change of bo th  components of t h e  geos t rophic  wind wi th  
I 

t ime through t h e  period.  # . _I 

The s p e c i f i c  i n i t i a l  cond i t i ons  and inpu t  sounding used f o r  
h. 

each of t hese  cases  a r e  presented i n  t h e  appendix. In  genera l  t h e  

runs were i n i t i a l i z e d  t o  pre-dawn va lues  and t h e  computer i n t e g r a t i o n  

begad be fo re  sun r i se .  The one except ion i s  t h e  f i r s t  day of OINe i l l  

per iod 5 which w a s  i n i t i a l i z e d  a t  noon. 

1. Wangara, day 33. 

The d a t a  from day 33 of t h e  Wangara experiment a r e  without  doubt 

t h e  most widely used observa t ions  f o r  comparison wi th  boundary l a y e r  

models. On t h a t  day t h e r e  were p e r f e c t l y  c l e a r  s k i e s  and p r a c t i c a l l y  

unchanging synopt ic  condi t ions .  Figure 6 shows t h e  energy budget 



Figure 6.) Surface energy budget-Wangara 33. 



compon$nts f o r  t h e  period 0600 t o  2400 l o c a l  s tandard  time a t  Hay, 

N.S.W., A u s t r a l i a  on 16 August, 1967. Observations were made of 

only t&o of t h e  components, t h e  n e t  r a d i a t i o n  and s o i l  hea t  f l ux .  The 

n e t  r a d i a t i o n ,  which i s  t h e  b a s i c  d r iv ing  f o r c e  of t h e  PBL, is  simu- 

l a t e d  very  accu ra t e ly  by t h e  model. The ground hea t  flow is  somewhat 

l e s s  w e l l  descr ibed by t h e  present  parameter iza t ion ,  p a r t i c u l a r l y  

around noon and a f t e r  sunse t .  The s e n s i b l e  and l a t e n t  hea t  flows 
, 8. , ' *  . * , : r  

seem t o  be modelled reasonably. I n  prel iminary t e s t s  of t h i s  day i t  

w a s  found t h a t  i n  order  t o  reproduce t h e  hea t ing  r a t e  i n  t h e  PBL 

which i s  observed, an  evaporat ion of about 0.7 mm. of s o i l  mois ture  

and/or dew is  requi red  under cond i t i ons  of no n e t  subsidence through 

t h e  day. Any subsidence would cause f u r t h e r  warming and thus  f u r t h e r  

i nc rease  the  amount of evaporat ion requi red .  The l a t e n t  hea t  f l u x  a s  

modelled i n  F igure  6 y i e l d s  t h e  needed amount of evaporat ion,  bu t  

i n  order  t o  evaporate  t h a t  much s o i l  mois ture  us ing  t h e  present  

parameter iza t ion ,  a  s o i l  mois ture  of about 40% of f i e l d  capac i ty  was 

required.  This  i s  somewhat l a r g e r  than expected s i n c e  t h e  i n v e s t i -  

ga to r s  (Clarke, e t  a l . ,  1971) f e l t  t h a t  t h e  s o i l  mois ture  was near  

t h e  w i l t i n g  point--about 10 t o  1 5  percent  of f i e l d  capac i ty .  There 

a r e  f i v e  p o s s i b i l i t i e s  which can expla in  t h e  need f o r  a  g r e a t e r  s o i l  
\ 

moisture i n  t h e  parameter iza t ion ,  a l l  of which probably have some 

in f luence  on t h e  r e s u l t s :  1 ) .  The evaporat ion formulat ion used he re  

may underest imate evaporat ion somewhat under condi t ions  of dry  s o i l  

and l i g h t  winds. 2 ) .  During t h e  f r o n t a l  passage a few days e a r l i e r ,  

t t 1 7 .  

l i t t l e  p r e c i p i t a t i o n  f e l l  a t  Hay but  more p r e c i p i t a t i o n  may have 

f a l l e n  t o  t h e  e a s t .  The a i r  modified by t h i s  moister  s o i l  may then 

I ' I I '  J , , +L . . ' I  



have been advected westward on day 33. 3 ) .  Desert  p l a n t s  a r e  very  

deep rooted and t a p  moist  l a y e r s  deep beneath t h e  sur face .  Thus they  

may cont inue t o  t r a n s p i r e  s i g n i f i c a n t  amounts of mois ture  even though 

t h e  s o i l  appears  very  dry.  4 ) .  The wind flow on t h i s  day was l i g h t  

from t h e  e a s t .  W i t h t h i s t r a j e c t o r y ,  t h e  a i r  reaching t h e  radiosonde 

observat ion s i te  a t  Hay has followed t h e  Murrumbidgee r i v e r  f o r  a 

cons iderable  d i s t ance .  D r .  D.H. Lenschow (pe r sona lcommunica t io~  r e p o r t s  

t h a t  t h e  f lood  p l a i n  of t h e  Murrumbidgee i s  a r a t h e r  wide, t r e e  

covered wetland surrounded by a r e a s  of i r r i g a t e d  par ture land .  Based 
I 

on t h i s  d e s c r i p t i o n  i t  would appear t h a t  a 40% s o i l  mois ture  va lue  

i s  no t  a t  a l l  unreasonable f o r  a i r  wi th  a long f e t c h  along t h e  r i v e r .  

5).  The high va lues  of mixing r a t i o  observed near  t h e  su r f ace  a t  

n igh t  over t h e  s i t e  coupled wi th  cold temperatures,  l i g h t  winds, and 

c l e a r  s k i e s  could have caused a heavy dew/frost  depos i t i on  on t h e  

morning of day 33. The evaporat ion of t h i s  mois ture  can s e r i o u s l y  

a f f e c t  t h e  su r f aceene rgybudge t .  This  l a s t  p o s s i b i l i t y  however does 

not  appear t o  be a b l e  t o  exp la in  t h e  e n t i r e  e f f e c t ,  because a s p e c i a l  

t e s t  was run i n  which t h e  s o i l  mois ture  was s e t  a t  15% and 0.7 mm. 

of dew w a s  allowed t o  evaporate; and t h e  r e s u l t s  d id  not  completely 

agree  with observat ions.  This test is  discussed f u r t h e r  i n  s e c t i o n  

B . 2  of t h i s  chapter .  . I ? ,  

Figures  7 compare t h e  p r o f i l e s  of v i r t u a l  p o t e n t i a l  temperature 

as observed and a s  ca l cu la t ed  by t h e  p re sen t  model. The p r o f i l e s  

s imulated by our model a r e  q u i t e  accu ra t e  a t  a l l  times. A t  1200 d a t a  

a r e  a v a i l a b l e  a l s o  f o r  t h e  models of P i e lke  and Mahrer, and of 

Deardorff.  Thei r  r e s u l t s  a r e  no t  p l o t t e d  s i n c e  t h e  f i g u r e s  he re  



0 5 10 15 20 25 
8 v  ("C) 

OBSERVED 
- - - -  CALCULATED 

Figure 7.) Virtual potential temperature profiles-Wangara 33. 



. ,  - I 

:. ? <.' ! " 1 
I 

I 
d.) 

OBSERVED 
---- CALCULATED 

Figure 7.) (Continued) 



f.) 

10 15 20 2 5  
8 v  (OC) 

OBSERVED 
-- --CALCULATED 

F i g u r e  7.) (Continued) 



present  v i r t u a l  p o t e n t i a l  temperature while  t h e  o the r  two models 

r e p o r t  p o t e n t i a l  temperature.  The PBL p o t e n t i a l  temperature p r o f i l e  

i s  about equal ly  wel l  represented  by our model and by P ie lke  and 

0 
Mahrer (both models a r e  gene ra l ly  w i th in  1 C of t h e  observed va lues ) .  

It should be noted,  however, t h a t  our model was i n i t i a l i z e d  a t  0600 

and had run  f o r  s i x  hours of simulated time, inc luding  t h e  t r a n s i t i o n  

through sun r i se .  The o the r  models were i n i t i a l i z e d  a t  0900 and had 

run f o r  only t h r e e  hours.  It seems s u r p r i s i n g  t h a t  t h e  extremely 

soph i s t i ca t ed  model of Deardorff i s  about 1°c too  warm i n  t h e  PBL 

a f t e r  3 hours. A s  t h e  day progresses ,  t h a t  model cont inues t o  warm 

too  r a p i d l y  and s t r a y s  f u r t h e r  from t h e  observed p r o f i l e s .  Ob- 

v ious ly  i t  is  not  t h e  primary func t ion  of t h e  Deardorff model t o  

s imula te  t h e  h o r i z o n t a l l y  averaged g ros s  q u a n t i a t i v e  f e a t u r e s  of the  

PBL, however i t s  r e l a t i v e  f a i l u r e  po in t s  ou t  an important f a c t ,  which 

w i l l  be f u r t h e r  expanded upon l a t e r :  The most soph i s t i ca t ed  model 

imaginable w i l l  no t  perform w e l l  un le s s  a t  i t s  foundat ion i s  an ac- 

c u r a t e  su r f ace  energy budget. The uns t ab le  PBL i s  not  p r imar i ly  

con t ro l l ed  by t h e  d e t a i l e d  n a t u r e  of t h e  turbulence but  by t h e  

thermodynamic fo rc ing  appl ied  by t h e  e a r t h ' s  su r f ace .  

The temperatures  a t  and near  t h e  su r f ace  a r e  compared i.n 

Figure 8. The agreement is q u i t e  good except f o r  somewhat t oo  

warm va lues  dur ing  t h e  n ight t ime hours.  This  may be a  r e s u l t  of in- 

s u f f i c i e n t  r a d i a t i o n a l  cool ing a s  ca l cu la t ed  by t h e  Sasamori empir ica l  

formulae. Other poss ib l e  con t r ibu t ing  f a c t o r s  may be t h e  e r r o r  i n  

t h e  assumed shape of t h e  noc tu rna l  temperature p r o f i l e  which could 

a f f e c t  t h e  s e n s i b l e  hea t  f l u x  i n t o  t h e  lower PBL, and t h e  somewhat 
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t oo  high wind speeds ca l cu la t ed  by the  model a f t e r  sunse t ,  The f a c t  

t h a t  t h e  ca l cu la t ed  ground hea t  flow (Figure 6)  i s  l e s s  than observed 

is  probably pr imar i ly  a  r e s u l t  of t h e  excessive warmth a t  t h e  sur face .  

Figures  9 present  t h e  ground l e v e l  winds, a s  observed and a s  

simulated. General ly  t h e r e  i s  good agreement i n  t h e  wind speeds al- 

though some of t h e  ca l cu la t ed  t r ends  may appear out  of phase wi th  

observat ions.  The wind speeds become somewhat too  high a f t e r  sunse t  

which, a s  mentioned, may c o n t r i b u t e  t o  keeping t h e  su r f ace  tempera- 

t u r e s  too  warm. The ca l cu la t ed  wind d i r e c t i o n  s imula tes  t h e  obser- 
)I 

v a t i o n s  a s  w e l l  a s  o r  b e t t e r  than ~ e a r d o r f f ' s  model. 

There a r e  some b a s i c  d i f f i c u l t i e s  i n  dea l ing  with wind ob- 

s e rva t ions  which make i t  nea r ly  impossible f o r  any model t o  c l o s e l y  

s imula te  r e a l  da t a .  The ca l cu la t ed  wind p r o f i l e s  r ep re sen t  h o r i z o n t a l  

averages,  t h e  equiva len t  of which would r e q u i r e  many hours  05 con- 

t inuous observa t ion  i n  t h e  f i e l d .  This  problem w i l l  be discussed 

i n  d e t a i l  i n  s e c t i o n  B of t h i s  chapter .  However t h e  ca l cu la t ed  wind 

p r o f i l e s  should only be considered loose ly  v e r i f i e d  by t h e  observations.  

With t h e  preceeding d i scuss ion  a s  background, some wind p r o f i l e s  

a r e  compared i n  F igures  10. Also presented a r e  t h e  c a l c u l a t i o n s  of 

P i e lke  and Mahrer. It appears  t h a t  t h e  models agree  between them- 

se lves  about a s  much a s  e i t h e r  agrees  w i th  t h e  observat ions.  It 

should be remembered t h a t  above z our model simply c a l c u l a t e s  an  i 

i n e r t i a l  o s c i l l a t i o n  of t h e  wind about t h e  geos t rophic ,  assuming no 

advect ion and a  minimum of damping. 

The mois ture  p r o f i l e s  f o r  t h i s  day appear i n  F igure  11. The 

ca l cu la t ed  mois ture  p r o f i l e s  a r e  c o n s i s t e n t l y  t oo  high although 



Figure 9a.) 4-meter wind speed-Wangara 33. 



Figure 9b.) Surface layer wind direction-Wangara 33. 



Figure 10.) Wind profiles-Wangara 33. 
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Figure 10.) (Continued) 
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n t r p r o f i l e  shapes a r e  very  comparable. There a r e  two causes  f o r  t h i s  

r e s u l t .  F i r s t  t h e  somewhat high s o i l  mois ture  assumed f o r  our model 

may have introduced excess ive  mois ture  i n t o  t h e  atmosphere dur ing  

' , t h e  course  of t h e  day. However t h i s  e f f e c t  should be a d d i t i v e  and 

most *prominent i n  t h e  a f te rnoon.  I n  f a c t  t h e  discrepancy between 

. .acalculated and observed va lues  i s  g r e a t e s t  a t  noon. This  po in t s  t o  

t h e  second, and probably t h e  more important cause f o r  t h e  discrepancy. 

]?The model was i n i t i a t e d  be fo re  s u n r i s e  when t h e  mois ture  i n  t h e  lower 

atmosphere w a s  q u i t e  abundant. The Wangara d a t a  d i sp l ays  a q u i t e  

r egu la r  p a t t e r n  of s t rong  mois ture  inf low a f t e r  sunse t  ( s e e  Figures  

l l e  and l l f )  and r ap id  drying a f t e r  sun r i se .  Thus i t  i s  suspected 

t h a t  t h e  i n i t i a l i z e d  va lues  of mois ture  a r e  more r e p r e s e n t a t i v e  of 

t h e  noc tu rna l  mois ture  abundance r a t h e r  than t h e  daytime condi t ions .  

The apparent  d ry  advect ion immediately a f t e r  s u n r i s e  is  not  accounted 

f o r .  

F i n a l l y  t h e  ca l cu la t ed  he igh t  of t h e  boundary l a y e r  i s  compared 

wi th  t h e  observed boundary l a y e r  he ight  i n  F igure  1 2 .  The observed 

va lues  a r e  e s t i p  $ed from f h e  temperature and mois ture  p r o f i l e s .  A t  
(?- 

1800 two observed va lues  a r e  plot ted-- the top  of t h e  i n e r t i a l  w e l l  

mixed l a y e r  and t h e  top  of t h e  developing noc turna l  invers ion .  Here 

aga in  t h e  two high-order-closure models a r e  t h e  l e a s t  accu ra t e  be- 

cause they have f a i l e d  t o  c a r e f u l l y  model t h e  su r f ace  hea t  input .  Of 

a l l  t h e  models shown, t h e  model developed i n  t h i s  s tudy ,  with i ts  new 

p r e d i c t i v e  equat ion f o r  t h e  uns t ab le  z appears  t o  be  t h e  c l o s e s t  
i' 

t o  t h e  observat ions.  Using t h e  Deardorff equat ion,  our  model over- 

p r e d i c t s  i t  i n  t h e  af ternoon.  The model of P i e l k e  and Mahrer is  a l s o  



Figure 12.) Boundary layer height-Wangara 33. 
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f a i r l y  accu ra t e  when t h e  observed v e r t i c a l  motion i s  taken i n t o  ac- 

count,  however t he  q u a l i t y  of t h e  repor ted  v e r t i c a l  wind speeds f o r  

t h e  Wangara experiment is ques t ionable ,  s i n c e  t h e  va lues  a r e  der ived 

from four  p i b a l  po in t  wind soundings. There i s  evidence t h a t  some 

subsidence may have been occurr ing ,  bu t  t h e  P i e lke  and Mahrer ca l -  

cu l a t ions  i n d i c a t e  t h a t  t h e  repor ted  magnitudes a r e  t oo  l a rge .  

2 .  O'Neil l ,  Nebraska; Period 2 .  ! 

! 

General observa t ion  period 2 a t  O'Neil l  covers  t h e  period from 

before  s u n r i s e  t o  midnight on August 13,  1953. The weather was c l e a r  

and ho t  with b r i s k  sou the r ly  winds i n  advance of an approaching cold 

f r o n t  which reached t h e  a r e a  near  midnight.  F igures  1 3  show a com- 

par i son  of t h e  va r ious  ca l cu la t ed  components of t h e  su r f ace  energy 

budget w i th  t h e  observa t ions  of t h r e e  d i f f e r e n t  s c i e n t i s t s  a t  t h e  site. 

The degree t o  which t h e  t h r e e  observa t ions  d i f f e r  provides a good 

q u a l i t a t i v e  e s t ima te  of t h e  measurement e r r o r  f o r  t h e  va r ious  com- 

ponents. A l l  t h e  c a l c u l a t e d  va lues  appear t o  l i e  w e l l  w i th in  t h e  

l i m i t s  of t h e  obse rva t iona l  e r r o r  except poss ib ly  a f t e r  sunse t ,  and 

gene ra l ly  agree  ve ry  w e l l  w i th  t h e  mean of t h e  observed va lues .  Note 

t h a t  t h e  l a r g e s t  obse rva t iona l  u n c e r t a i n t y  occurs  i n  t h e  es t imat ion  of 

evaporation. With such d i sc repanc ie s  i n  t h e  observa t ions ,  i t  i s  easy 

t o  understand why evaporat ion i s  d i f f i c u l t  t o  model. I .  
The p o t e n t i a l  temperature p r o f i l e s  a r e  presented i n  F igures  14. 

The uns t ab le  PBL is  very  accu ra t e ly  modelled throughout t h e  day. By 

1600 l o c a l  s o l a r  t ime, t h e  boundary l a y e r  had broken i n t o  a deep, 

nea r ly  d ry  a d i a b a t i c  l a y e r ,  and t h e  PBL top  w a s  no t  c l e a r l y  def ined  
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i n  t h e  observa t ions .  By 1800 cool ing had begun near  t h e  su r f ace ,  and 

t h e  model i s  slow a t  developing t h e  noc tu rna l  s t a b l e  l aye r .  However 

it is be l ieved  t h a t  cold advect ion w a s  t ak ing  p l a c e  i n  t h e  observa- 

t i o n a l  d a t a  a s  a co ld  f r o n t  was en te r ing  t h e  a r ea .  I n  F igure  15  t h e  

observed temperatures  a t  va r ious  l e v e l s  near  t h e  su r f ace  are p l o t t e d  

along wi th  t h e  ca l cu la t ed  temperature of t h e  i n t e r f a c e  l a y e r  and t h e  

ca l cu la t ed  temperature a t  four  meters .  The discrepancy between t h e  

ca l cu la t ed  va lues  and t h e i r  t r u e  coun te rpa r t s  is  everywhere l e s s  

0 
than 3 C except f o r  a s e r i o u s  f a i l u r e  of t h e  model t o  cool  as much 

a s  i s  observed a f t e r  sunse t .  This  is  not  a s  good a s  one would have 

hoped, but  i t  i s  an  acceptab le  margin of e r r o r  f o r  a  s h o r t  term fore-  

c a s t  from a one-dimensional PBL model which cannot account f o r  hor i -  

z o n t a l  advec t ive  e f f e c t s .  P a r t  of t h e  noc tu rna l  problem may a l s o  be 

t h a t  discussed i n  t h e  Wangara day 33 case.  

The near-surface wind speed and d i r e c t i o n  a r e  shown i n  F igure  16. 

The speeds dur ing  t h e  uns t ab le  hours  seem t o  be  r a t h e r  w e l l  simulated 

by t h e  model, bu t  t h e  va lues  a r e  t oo  l a r g e  during t h e  s t a b l e  hours.  

The modelled wind d i r e c t i o n  is  too  wes t e r ly  a t  a l l  t imes. This  is  

l i k e l y  t o  be  a  r e s u l t  of t h e  f a c t  t h a t  t h e  OINe i l l  s i t e  l i e s  on a  

gen t ly  s loping  p l a in .  Although t h e  i n c l i n e  is s o  s l i g h t  a s  t o  be im-  

p e r c e p t i b l e  (%1:600), i t  has  an  important i n f luence  on t h e  a i r f l o w  

under d i a b a t i c  condi t ions .  Besides inf luenc ing  t h e  wind d i r e c t i o n ,  

t he  s loping  su r f ace  is probably t h e  primary cause of t h e  s t rong  low 

l e v e l  j e t  observed almost n i g h t l y  i n  t h e  surmner a t  OINei l l .  

F igure  17 compares t h e  observed and p red ic t ed  he ight  of t h e  PBL. 

A s  mentioned, t h e  observed va lue  of zi i n  t h e  l a t e  a f te rnoon i s  
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d i f f i c u l t  t o  determine because of t h e  presence of a deep nea r ly  d ry  

a d i a b a t i c  l aye r  above about 2 km. However, where t h e  observa t ions  a r e  

a v a i l a b l e ,  t h e  agreement i s  very  good. The Deardorff equat ion,  based 

on t h e  q u a n t i t i e s  a s  modelled, p r e d i c t s  z w e l l  i n  t h e  morning. The 
i 

discrepancy between t h e  two p red ic t ed  curves i nc reases  i n  t h e  a f t e r -  

noon because, a s  d i scussed  e a r l i e r ,  t h e  Deardorff equat ion tends  t o  

overpredic t  z when u* is  l a r g e .  
i 

3.  O'Neil l ,  Nebraska; Period 5 

General observa t ion  period 5 has  been used by a number of au thors  

t o  v e r i f y  t h e i r  PBL models. Among t h e s e  a r e  Estoque (1963), Shaf fer  

and Long (1975), and Sasamoni (1970). Some of Sasamoni's r e s u l t s  a r e  

presented he re  f o r  comparison. The weather during t h i s  32 hour period 

from noon August 24,  1953 t o  2000 t h e  next  evening, was c l e a r ,  warm, 

windy and dry. The s o i l  was ve ry  d ry  a t  t h e  si te,  and very  l i t t l e  

evaporat ion was observed. However, p re l iminary  t e s t s  showed t h a t  i n  

order  t o  produce t h e  c o r r e c t  q u a n t i t a t i v e  r e s u l t s , a  s t rong  cold ad- 

vec t ion  and/or mois ture  advect ion must be  accounted f o r .  Examination 

of t h e  synopt ic  maps show very  l i t t l e ,  i f  any, temperature advect ion,  

t he re fo re  a sea rch  w a s  made f o r  mois ture  sources upstream of t h e  

O'Neil l  s i t e  ( i . e .  t o  t h e  SSW). Unfortunately i t  was  found t h a t  t h e  

s o i l  i n  t h e  reg ion  was extremely d ry  as a r e s u l t  of a n  almost t o t a l  

l a c k  of p r e c i p i t a t i o n  f o r  s e v e r a l  weeks. The a r e a  of dry s o i l  ex- 

tended through t h e  e n t i r e  c e n t r a l  and e a s t e r n  po r t ions  of t h e  states 

of Nebraska and Kansas. However a broad a r e a  of i r r i g a t e d  cropland 

e x i s t s  a c r o s s  south c e n t r a l  Nebraska gene ra l ly  centered  on t h e  P l a t t e  

River (Schickedanz, 1976). Within t h i s  reg ion  approximately 20% of 



t h e  land a r e a  was a c t u a l l y  i r r i g a t e d .  The i r r i g a t e d  reg ion  extends 

southwestward i n t o  western Kansas and then southward along t h e  high 

p l a i n s  i n t o  Texas. The northernmost ex t en t  of t h e  i r r i g a t e d  reg ion  

reaches t o  w i th in  100 t o  150 km of t h e  O'Neil l  s i t e ,  s o  t h a t  on t h i s  

day, when t h e  mois ture  was being advected by s t rong  10-20 m sec-' 

low l e v e l  winds, t h e r e  i s  approximately a  2% hour f e t c h  ac ros s  d ry  
4 

s o i l  before  t h e  a i r  reaches  t h e  observa t ion  s i t e .  

A s  a r e s u l t  of t h i s  source of mois ture  upstream, t h e  s t r i c t  re-  
' i i  ' 

quirement of h o r i z o n t a l  homogeneity necessary f o r  a one-dimensional 

model i s  r a t h e r  s eve re ly  v i o l a t e d .  When t h e  model c a l c u l a t i o n s  a r e  

performed assuming a very  dry  s o i l ,  t h e  s u r f a c e  energy budget is  ex- 

c e l l e n t l y  s imulated,  bu t  t h e  PBL is  "overheated" because of t h e  l ack  

of l a t e n t  hea t  consumption. On t h e  o t h e r  hand, when t h e  s o i l  i s  

assumed t o  be moist ,  t h e  ca l cu la t ed  evaporat ion is  much g r e a t e r  than 

observed but  t h e  PBL temperature and mois ture  p r o f i l e s  a r e  modelled 

very  wel l .  Therefore,  t h e  F igures  below present  t h e  r e s u l t s  of t h r e e  

model runs,  one f o r  t h e  l o c a l  dry  s o i l  (W/Ws=0.28), one f o r  moist s o i l  

(W/W -0.6),  and one i n  which patchy i r r i g a t i o n  i s  simulated. This 
S 

l a t t e r  experiment assumes 20% of t h e  land upstream is  i r r i g a t e d , a s  

repor ted  f o r  t h e  a r e a  i n  t h e  1950's by Schickedanz (1976). The va lue  

is s e t  a t  0.35 f o r  fou r  t i m e L s t e p s  and then a t  1 .0  f o r  t h e  

f i f t h .  This  procedure cont inues  u n t i l  2% hours before  t h e  time themodel 

i s  intended t o  s imulate .  For t h e  l a s t  2% hours  W/Ws is  f ixed  a t  0.287 

t o  s imula te  t h e  f i n a l  f e t c h  over u n i r r i g a t e d  land.  Three such experi-  

ments were run with t a r g e t  t imes of 1200, 1400, and 1600 s o l a r  time on 

I 
t hk  second day of gene ra l  observa t ion  period 5. 



Figures  18 present  t h e  ca l cu la t ed  su r f ace  energy budget f o r  dry  

s o i l ,  t h e  t h r e e  observed curves,  and t h e  r e s u l t s  of t h e  model of 

Sasamori. The ca l cu la t ed  n e t  r a d i a t i v e  and ground hea t  f l u x e s  f i t  
? I  * 

t h e  observa t ions  q u i t e  w e l l ,  whi le  t h e  c a l c u l a t i o n s  of ~ a s & o r i  a r e  

somewhat l e s s  accura te .  The s e n s i b l e  hea t  f l y x  i s  w e l l  s imulated by 
" >I. 

both models (except ,  of course,  i n  t h e  moist s o i l  ca se ) .  There is  

cons iderable  discrepancy between t h e  t h r e e  observed l a t e n t  hea t  f l u x  

curves and a l l  va lues  a r e  r a t h e r  s m a l l .  The ca l cu la t ed  va lues  f o r  

t he  present  model overest imated t h e  evaporat ion on t h e  f i r s t  day when 

an  at tempt  was made t o  s t r i k e  a compromise between t h e  dry  s o i l  and 

t h e  mois ture  advect ion.  However on t h e  second day t h e  dry  s o i l  ca se  

p r e d i c t s  t h e  evaporat ion r a t e  q u i t e  reasonably whi le  t h e  moist s o i l  

case  g r o s s l y  overes t imates  t h e  l o c a l  evaporat ion.  The evaporat ion r a t e  

f o r  t h e  i r r i g a t i o n  upstream case  is  not  shown because of i t s  e r r a t i c  

na ture .  A s  could be expected most of t h e  evaporat ion occurs  during 
7 

t h e  one time s t e p  i n  f i v e  during which W/W = l .0 .  While t h e  a i r  i s  
).. s 

over t hese  " i r r i g a t e d  patches" t h e  evaporat ion r a t e  f a r  exceeds t h e  
, . 

p o t e n t i a l  evaporat ion r a t e  f o r  s a t u r a t e d  s o i l .  This  i s  because t h e  

boundary l a y e r  is  warmed and d r i e d  whi le  passing over t h e  dry  "patches", 

and when t h e  a i r  reaches  t h e  s a t u r a t e d  s o i l  a tremendous moisture gra- 

d i e n t  develops. It is  i n t e r e s t i n g  t o  no te  t h a t  t h e  temporally aver- 

aged evaporat ion rate over t h e  i r r i g a t e d  l aad  i s  about 20% g r e a t e r  than 

t h a t  f o r  t h e  moist s o i l  ca se  even though t h e  s o i l  mois ture  averages 

15% l e s s  i n  t h e  i r r i g a t i o n  case  (See t a b l e  4 ) .  Sasamori 's  evaporat ion 

parameter iza t ion ,  which i s  based on t h e  b a r e  s o i l  model of P h i l l i p  

(1957), breaks down once t h e  mois ture  i s  removed from a t h i h  l a y e r  of 

s o i l  near  t h e  sur face .  
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Figure 18c.) Surface sensible heat flux- 
OINeill general observation period 5. 
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Table 4. Temporally averaged s o i l  mois ture  and 
evaporat ion r a t e  f o r  t h e  period 1030-1130 on t h e  
second day of gene ra l  observa t ion  period 5. 

The p o t e n t i a l  temperature p r o f i l e s  f o r  each of t h e  t h r e e  cases  a r e  

compared t o  t h e  observa t ions  i n  F igures  19. Note t h a t  t h e  model was 

r e - i n i t i a l i z e d  a t  midnight a f t e r  t h e  f i r s t  day i n  order  t o  f i t  t h e  

pre-dawn p r o f i l e s  f o r  t h e  second day. This  was necessary because 

some tu rbu len t  o r  advec t ive  mechanism, probably t h e  very  s t rong  

nocturna l  low l e v e l  j e t ,  wiped out  t h e  i n e r t i a l  d ry  a d i a b a t i c  l aye r  

overnight .  During t h e  second day t h e  moist  s o i l  and i r r i g a t i o n  models 

s imula te  t h e  observed p o t e n t i a l  temperature p r o f i l e s  q u i t e  w e l l  while  

t h e  d ry  s o i l  p r o f i l e s  become much too  warm. Note t h a t  t h e  i r r i g a t i o n  

case  keeps t h e  boundary l a y e r  cooler  j u s t  a s  w e l l  a s  t h e  moist  s o i l  

case  does, even though t h e  former has  a  2% hour f e t c h  over dry  s o i l  

before  reaching t h e  t a r g e t  time. A t  n i g h t ,  when t h e  evaporat ion is  

nea r ly  n i l ,  t h e r e  i s  l i t t l e  d i f f e r e n c e  between t h e  dry  and moist  s o i l  

ca l cu la t ions .  Both models coo l  t h e  low l e v e l  a i r  too  l i t t l e ,  poss ib ly  

a s  a  r e s u l t  crf a  f a i l u r e  t o  c o r r e c t l y  model t h e  s t rong  low l e v e l  j e t  

o r  a s  a r e s u l t  of t h e  o the r  f a c t o r s  discussed previously.  

Average -2 -1 H E (mcal cm min 

187.0 

423.4 

506.4 

Experiment 

Dry S o i l  

Moist S o i l  

I r r i g a t i o n  
upstream 

Average 
W/Ws 

0.281 

0.585 

0.500 
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Figures  20 show t h e  observed near-surface temperatures  and t h e  

calc.ulated temperatures f o r  dry  s o i l .  On t h e  f i r s t  day t h e  attempted 

s o i l  moisture compromise seems r e l a t i v e l y  inadequate.  On t h e  second 

day, i n  t he  dayl ight  hours ,  t h e  ca l cu la t ed  su r f ace  temperature very  

c l o s e l y  f i t s  t h e  observed s o i l  temperature a t  0.5 cm. depth, but  t h e  

4 meter ca l cu la t ed  temperature i s  c o r r e c t l y  modelled by t h e  moist 

s o i l  case.  This  appears  t o  i n d i c a t e  t h a t  t h e  e f f e c t s  of t h e  observed 

cool  moist  advect ion a r e  f e l t  very  c l o s e  t o  t h e  su r f ace  during per iods  

of s t rong  mixing. 

F igures  21 dep ic t  t h e  4 meter wind speed and d i r e c t i o n  a s  ca l -  

cu la ted  and a s  observed. The agreement is f a i r  a t  b e s t ,  w i th  t h e  

ca l cu la t ed  wind d i r e c t i o n s  aga in  too  wes ter ly .  There is l i t t l e  d i f -  

fe rence  between t h e  d ry  and moist  s o i l  cases .  

The mois ture  p r o f i l e s  f o r  t h e  dry ,  mois t ,  and i r r i g a t e d  ca l -  

c u l a t i o n s  a r e  compared with t h e  observa t ions  i n  F igures  22. The agree- 

ment i s  b e s t  between the  i r r i g a t e d  s o i l  ca se  and t h e  observed prof t&gs ,  
1 -- 

These f i g u r e s  a r e  r a t h e r  s t rong  evidence f o r  t h e  hypothes is  t h a t  ' the 

a i r  over t he  s i t e  had indeed advected from t h e  reg ion  of i r r i g a t i o n  

t o  t he  south. 

F i n a l l y  Figure 23  presen t s  t h e  zi c a l c u l a t i o n s  f o r  dry and moist  

s o i l .  The i m p o r g a ~ ~ t  f e a t u r e s  t o  no te  h e r e  a r e  t h e  good agreement be- 

tween the  moist s o i l  z and t h e  observa t ions  on t h e  second day, and 
i 

t h e  r a t h e r  l a r g e  daytime d i f f e r e n c e s  between t h e  dry  and moist  s o i l  

ca l cu la t ions .  The Deardorff equat ion appears  t o  overpredic t  z on i 

t h i s  day. 
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Figure 20b.) 4-meter temperature- 
O'Neill general observation period 5. 
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Figure 21a.) 4-meter wind speed- 
O'Neill general ~bservation period 5. 
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4. Wangara, Day 16. 

Day 16 of t he  Wangara experiment was chosen because i t  was a day 

i n  which a strato-cumulus topped PBL developed a f t e r  a morning of 

s o l a r  hea t ing .  Low l e v e l  advect ion appears  t o  be minimal on t h i s  day 

and the  geostrophic wind components va r i ed  i n  a nea r ly  l i n e a r  fash ion  

wi th  time from southwester ly a t  midnight when the  model was i n i t i a l i z e d ,  

through west t o  nor thwes ter ly  by l a t e  i n  t h e  evening. F igure  24 
\ 

d i sp l ays  t h e  energy budget and compares t h e  cloud cover a s  observed 

wi th  t h a t  modelled by eq. (59) .  The energy budget componetns a r e  

modelled q u i t e  wel l  inc luding  t h e  e f f e c t  of t h e  cloud cover.  Af te r  

sunse t  t h e  s o i l  hea t  r e l e a s e  i s  somewhat overest imated,  a s  is t h e  n e t  

r a d i a t i o n  l o s s .  The l a t t e r  may be explained by t h e  l a c k  of cloud 

cover i n  t h e  model a f t e r  sunse t .  When zi f a l l s  a s  t h e  su r f ace  hea t ing  

s tops ,  t h e  crude cloud parameter iza t ion  assumes t h a t  t h e  cloud in- 

s t a n t l y  d i s s i p a t e s  because i t s  base i s  now above t h e  noc turna l  z i' 

The cloud cover p red ic t ion  i s  q u i t e  good f o r  such a simple parameteri-  

za t ion ,  The model cloud forms when t h e  observed sky i s  about 75% 

cloudy and d i s s i p a t e s  a t  the  time t h a t  t h e  observed cloud cover de- 

c r eases  t o  about 213 of t h e  f u l l  sky. It should be noted t h a t  be- 

cause t h e  e f f e c t s  of l a t e n t  hea t  a r e  neglec ted  i n  t h e  cloud para- 

me te r i za t ion ,  t h e  model r e s u l t s  a f t e r  t h e  onset  of cloud cover should 

nQt be considered t o  be of t h e  same q u a l i t y  a s  t hose  under c l e a r  sky. 

The primary i n t e n t  of t h i s  experiment i s  t o  show t h a t  t h e  model 

can p r e d i c t  t h e  onset  of c louds i n  t h e  PBL, and t h a t  it can handle 

t he  abrupt  changes i n  t h e  energy balance t h a t  occur when t h e  cloud 

forms . 
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I L 1 )  Wangara 16.  



Figures  25 compare t h e  p o t e n t i a l  temperature p r o f i l e s ,  which 

agree  very  wel l  i n  t h e  PBL. Above 1 km. some advec t ive  e f f e c t  ap- 

pa ren t ly  occurred which brought a warm l a y e r  over t h e  a rea .  This  

l a y e r  apparent ly  moved i n  around 0300 i n  t h e  morning ( a f t e r  t h e  model 

is  i n i t i a l i z e d )  and remained u n t i l  sometime immediately a f t e r  noont 

The near  su r f ace  temperatures a r e  shown i n  F igure  26,  The agreement 

0 
i s  very good except f o r  e a r l y  morning temperatures about 1 C too  

I 

warm. 

F i n a l l y ,  t h e  he igh t  of t h e  boundary l a y e r  is q u i t e  w e l l  modelled, 

a s  shown i n  F igure  27 ,  however t h e  ca l cu la t ed  cloud base  i s  a b i t  too  

high. Thi,s i s  probably due t o  t h e  requigement t h a t  the hoyi_zontally 
I 

averaged r e l a t i v e  humidity be 90% a t  cloud base. I 
B. Fur ther  cons ide ra t ions  and experiments on model s e n s i t i v i t y .  

A s  we have seen from t h e  cases  presented above, t h e  e n t i r e  PBL 

responds measureably t o  ch'anges of s u r f a c e  condi t ions .  For example 

t h e  s o i l  mois ture  amount and d i s t r i b u t i o n  a r e  seen t o  have a re-  

markable i n f luence  on t h e  thermal s t u r c t u r e  of t h e  PBL i n  t h e  O'Neil1 

period 5 experiments. The PBL wind s t r u c t u r e  seems t o  be  heav i ly  

inf luenced by non-homogeneous and advec t ive  e f f e c t s .  This  s e c t i o n  

examines some o t h e r  i n f luences  on t h e  boundary l a y e r  and explores  

t h e i r  r ami f i ca t ions  wi th  regard  t o  modelling of t h e  PBL. 1 
1. The wind s t r u c t u r e .  

A number of c ~ n s i d e y a t i o n s  endemic t o  t h e  n a t u r e  o f  a f r  motion 

conspi re  t o  make t h e  modelling of low l e v e l  winds d i f f i c u l t ?  and t o  

make comparison w.ith obse rva t iona l  d a t a  nea r ly  impossible.  F i r s t ,  t h e  

g r i c t i o n a l  i n f luence  of t h e  e a r t h v s  su r f ace  is  one o r  two orde r s  of 
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magnitude weaker than t h e  geos t rophic  fo rc ing  which maintains  a i r  

motiod i n  t h e  PBL. However mechanical f r i c t i o n  is a major c o n t r i b u t o r  

t o  t h e  turbulence i n  t h e  boundary l a y e r ,  p a r t i c u l a r l y  under s t a b l e  

s t r a t i f i c a t i o n .  A s  a r e s u l t ,  a wind f i e l d  moving over a heterogeneous 

su r f ace  i s  a b l e  t o  c a r r y  wi th  i t  f o r  long d i s t a n c e s  t h e  i r r e g u l a r  

t u rbu len t  f i e l d  caused by some l a r g e  obs t ac l e .  A second problem is 
I 

1 J .  1 ( 1  ! 
t h e  d i f f i c u l t y  i n  accu ra t e ly  determining t h e  t r u e  geostrophic wind 

i n  t h e  PBL. This  is  made d i f f i c u l t  by t h e  d i a b a t i c  e f f e c t s  on s l i g h t l y  
1 . 8 4  

s loping  su r f aces ,  t h e  need f o r  p r e c i s e  s tandard ized  p re s su re  measure- 

ments a t  s e v e r a l  l o c a t i o n s ,  and t h e  in f luence  of cross- isobar  flow 

on t h e  p re s su re  f i e l d  i t s e l f .  F i n a l l y ,  i n  t h e  uns t ab le  convect ive 

1 - j ) 1  

boundary l a y e r  a uniquemeasurement problem has  been pointed out  by 

Wyngaard, e t  a l .  (1974). The tu rbu len t  motions i n  t h e  convect ive PBL 
A' I 

a r e  p r imar i ly  thermally dr iven .  The mechanical i n f luence  of t h e  sur-  

f a c e  g ives  r i s e  t o  t u rbu len t  motions wi th  magnitudes of t h e  order  u, 

while  t h e  buoyant motions have a magnitude p ropor t iona l  t o  w*, which 

is  gene l l y  a much l a r g e r  quan t i t y .  A s  a r e s u l t ,  i n  order  t o  ac- 

cura te l  determine t h e  s t r e s s  p r o f i l e s ,  measurements i n  a h ighly  
3 I, 

v a r i a b l e  widd f i e l d  must be averaged f o r  many hours (during which l a r g e  

s c a l e  condi t ions  may change). Any shor te r - t ime average wind p r o f i l e  

i s  l i k e l y  t o  be extremely non-representat ive of t h e  t r u e  long term 

avera I e p r o f i l e .  

With a l l  t h e s e  cons idera t ions ,  i t  is  c l e a r l y  d i f f i c u l t  t o  

I 1  * t * * ti:- 1 3' 
i n i t i a l i z e  a model wi th  t r u l y  r e p r e s e n t a t i v e  winds o r  t h e i r  geo- 

k <:($'I 
s t r o p h i c  fo rc ing ;  and i t  i s  equal ly  a s  d i f f i c u l t  t o  compare 

I 1 - 7 



a ca l cu la t ed  wind p r o f i l e  wi th  an observed profile--even 

i s  averaged i n  t ime or space. 

2. Thermodynamic inf luences .  

Fur ther  numerical experiments.  The 0 ' ~ e i l l  per iod 5 case  s tudy 

above shows t h a t  even a change of one of t h e  smal le r  components of t h e  

su r f ace  energy balance can have a profound e f f e c t  on t h e  he ight  and 

temperature of t h e  PBL. I n  a d d i t i o n  t o  t h a t  experiment, i n  which t h e  

s o i l  mois ture  w a s  va r i ed ,  s e v e r a l  s e n s i t i v i t y  t e s t s  were run  using t h e  

Wangara day 33 case .  Some of t h e  r e s u l t s  a r e  presented i n  F igures  

28-31. F igure  28 d i sp l ays  t h e  e f f e c t s  of varying z and t h e  i n t e r f a c e  
, I 

0 

l aye r  biomass on t h e  growth of t h e  boundary l aye r .  A s  i s  expected, 

t h e  increased  hea t  s to rage  of a l a r g e  biomass s i g n i f i c a n t l y  de lays  

and damps t h e  boundary l a y e r  growth. The e f f e c t ,  i f  any, of in- 
: .  

c reas ing  z on t h e  growth of z is  unclear .  Also shown on Figure  28 
o i 

is  an experiment i n  which a l a r g e  amount of dew was i n i t i a l i z e d  i n t o  
I - 4  I : 

t h e  model and t h e  s o i l  mois ture  was s e t  a t  i t s  w i l t i n g  poin t  va lue .  

The va lues  were s e t  s o  t h a t  t h e  t o t a l  evaporat ion through t h e  day 

would be about equal  t o  t h a t  f o r  t h e  s tandard  case.  A s  expected t h e  

morning dew evaporat ion delayed t h e  s e n s i b l e  warming, and thus  t h e  

growth of t h e  boundary l a y e r , a l t h o u g h t h e  same u l t i m a t e  he igh t  i s  
I 1  I 

I 

reached. The dew evaporat ion was complete a t  a few minutes a f t e r  

noon a t  which time t h e  p red ic t ed  mixing r a t i o  i n  t h e  PBL was much 

h igher  than observed. This  experiment tends t o  r e f u t e  t h e  hypo- 

t h e s i s  mentioned e a r l i e r  i n  t h i s  chapter  t h a t  t h e r e  w a s  a heavy de- 

p o s i t  of dew o r  f r o s t  on t h e  morning of t h i s  day. 





I n  F igure  29 t h e  e f f e c t s  of z and biomass (EM) on t h e  i n t e r f a c e  
0 

l a y e r  temperature a r e  shown. Here increas ing  z reduces t h e  extremes 
0 

of temperature without  introducing any phase delay,  and ' increas ing  

biomass both damps and de lays  t h e  d i u r n a l  temperature c~hanges a t  t h e  

sur face .  

The in f luence  of varying t h e  c h a r a c t e r i s t i c  i n t e r f a c e  he igh t s  

f o r  temperature and moisture,  z and z is explored i n  Figures  30 
0 4 ' 

and 31. I n  Figure 30 t h e  e f f e c t  on t h e  i n t e r f a c e  l a y e r  temperature 

i s  about what one would expect .  When t h e  c h a r a c t e r i s t i c  he igh t s  a r e  

l a r g e  (corresponding t o  a  dense hea t  absorbing and t r a n s p i r a t i n g  

l a y e r  high i n  t h e  vege ta t ion  canopy) t h e  temperature g r a d i e n t s  be- 
$- 

tween z and zh=lOz a r e  l a r g e  and thus  s t rong  hea t  f l u x  develops 
0 0 

removing hea t  from t h e  i n t e r f a c e  l a y e r  rap id ly- - i t  does n o t  become a s  
I 
I (  

warm. On t h e  o the r  hand, wi th  zg very  small  (sparce,  s c a t t e r e d  

vegeta t ion)  t he  temperature g rad ien t  i s  kept  smal le r  u n t i l  t h e  i n t e r -  

f a c e  warms up s u b s t a n t i a l l y  more. The e f f e c t  of z on i n t e r f a c e  
q 

teiiipefAture can be seen 5n t h e  o the r  t h r e e  cases  which a r e  c l u s t e r e d  

t age the r  ( t h e  s tandard case  and t h e  two cases  where z # 2,. Here 
I 

an increased l o s s  of s e n s i b l e  hea t  when z is  l a r g e  ( 3 . 9 ~ ~ )  i s  com- e 
pensated by t h e  decreased evaporat ion.  The hea t  no t  spent  on evapo- 

r a t i o n  warms t h e  i n t e r f a c e  l aye r .  Exact ly t h e  oppos i te  occurs  when 

Z >z . 
4 9 .,.. 

Figure  3 1  shows t h e  e f f e c t  t h a t  t hese  parameters have on t h e  

evaporat ion r a t e .  An important r e s u l t  of t hese  t e s t s  i s  t h a t  t h e  

n e t  l a t e n t  hea t  f l u x  i n t o  t h e  PBL is  s t rong ly  a f f e c t e d  by these  

parameters ( e s p e c i a l l y  z ) but  t h e  s e n s i b l e  hea t  f l u x  i s  only weakly 
Q 
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Figure 29.) Interface layer temperature- 
Wangara 33. sensitivity tests for dew, z,, and biomass. 
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Figure 30.) Interface layer temperature- 
Wangare 33. sensitivity tests for characteristic heights zg and z 4 ' 
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Figure 31.) Latent heat flux- 

Wangara 33. sensitivity tests for characteristic heights z and z . 0 9 
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modified (again mostly by z ) ,  The model was found t o  compensate 
4 

r e a d i l y  t o  changes i n  z by a d j u s t i n g  t h e  hea t  f l u x  a t  t h e  top  of 
8 

t h e  su r f ace  'layer and t h e  temperature p r o f i l e  i n  t h e  s u r f a c e  l a y e r  s o  

t h a t  t h e  n e t  flow of hea t  i n t o  t h e  PBL remained q u i t e  cons tan t  from 

case  t o  case.  On t h e  o t h e r  hand t h e  e f f e c t  oj on the a t en t  hea t  

f l u x  is  l a r g e  and d i r e c t  a s  shown i n  F igure  31. The e f f - - '  - 

present  but  secondary. I ' - 1  
The r e s u l t s  of t h e  experiments displayed Gy ~ i ~ h r e s  30 and 31 

poin t  t o  some important cons ide ra t ions  f o r  f u t u r e  work i n  su r f ace  

parameter iza t ions .  F i r s t  of a l l  it would appear t o  be  expedient t o  

d i sc r imina te  between a c t i v e l y  t r a n s p i r i n g  vege ta t ion  and dead o r  i n e r t  

roughness elements. i n  t h e  l a t t e r  ca se  i t  is  l i k e l y  t h a t  z is  much 
q 

smaller  than z and improper modelling could produce q u i t e  erroneous 
0 ' 

r e s u l t s  based on t h e  evidence of F igure  31. Secondly t h e  stromatal 
I 

a c t i v i t y  of l i v i n g  vege ta t ion  t akes  on deeper s i g n i f i c a n c e  i n  view 

of t hese  experiments. During t h e  cooler  damper morning hours  stomata 

a r e  open and p l a n t s  a r e  gene ra l ly  t r a n s p i r i n g  f r e e l y .  Presumably a t  

t h i s  t ime z i s  l a r g e r  than z a s  t h e  upper, b e t t e r  v e n t i l a t e d  p a r t s  
q 0 

of t h e  p l a n t  a r e  kept  cool  by t h e  t r a n s p i r a t i o n .  A s  t h e  day pro- 

g re s ses  and t h e  a i r  becomes warmer and d r i e r  t h e  stomata c lo se ,  

canopy temperatures  r i s e ,  and t r a n s p i r a t i o n  i s  c u r t a i l e d .  Under 

t hese  condi t ions  (and depending of course on t h e  type of vege ta t ion)  

t h e  va lue  of z should drop markedly and z g  may r i s e  somewhat. The 
9 

development of a comprehensive s imple parameter iza t ion  of t hese  e f f e c t s  

based on t h e  concept of t h e  c h a r a c t e r i s t i c  he igh t s  z and z should 
8 4 

be  a cha l lenging  but  promising f u t u r e  endeavor. 



Q u a l i t a t i v e  cons idera t ions .  a t tempt  t o  a s s e s s  r -  t h e  i n f luence  

of o t h e r  a spec t s  of t h e  model, Table 5 has  been constructed.  L i s t ed  

I" the& a r e  a l l  t h e  major f a c t o r s  which could conceivably a f f e c t  t h e  

thermodynamic behavior of t h e  PBL. On t h e  r i g h t  i s  l i s t e d  t h e  loca- 

t i o n  from which each f a c t o r  e x e r t s  i t s  in f luence  (e.g.  t h e  incoming 

shortwave r a d i a t i o n  is  p r imar i ly  absorbed and becomes hea t  a t  t h e  

su r f ace  of t h e  e a r t h ) .  The f a c t o r s  a r e  l i s t e d  i n  t h e i r  approximate 

order  of importance t o  t h e  behavior of t h e  uns t ab le  PBL. A n  approxi- 

mate percentage f i g u r e  i s  given f o r  each f a c t o r ,  which r ep re sen t s  t h e  

I j 

f r a c t i o n  of t h e  a v a i l a b l e  energy from t h e  number one f a c t o r  tha t 'may 

be d ive r t ed  by o r  i n t o  each of t h e  o the r  f a c t o r s  during a maximum 
I . I  : ',1 

probable event ( i . e .  w i th  each f a c t o r  exe r t i ng  its probable s t ronges t  

in f luence) .  , . I  

J I  

The i n t e r e s t i n g  overview t o  be drawn from Table 5 i s  t h e  re- 

markable l a c k  of se l f -de te rmina t ion  t h a t  t h e  PBL disp lays .  The only 

s t r u c t u r e s  w i th in  t h e  PBL which a f f e c t  i t s  own behavior a r e  any clouds 

developed beneath z a s  a  r e s u l t  of v e r t i c a l  mixing of moisture,  t h e  
i 

r a t e  of entrainment of hea t  i n t o  t h e  PBL, which i s  inf luenced by 

t h e  turbulence  i n  t h e  PBL i t s e l f ,  and t h e  r a t e  a t  which t h e  f luxes  

of hea t ,  moisture and momentum remove hea t  from t h e  e a r t h ' s  surface-- 

a l s o  somewhat inf luenced by t h e  PBL turbulence  i n t e n s i t y .  Otherwise 

most of t h e  dominant i n f luences  on t h e  PBL o r i g i n a t e  o u t s i d e  t h e  

l aye r ,  e i t h e r  i n  t h e  f r e e  a i r  above o r ,  most important ly,  i n  t h e  

i n t e r f a c e  l aye r  below. Thus one begins t o  understand why a d e t a i l e d  

high order  model of t h e  tu rbu len t  s t r u c t u r e  of t h e  PBL may be q u i t e  

inadequate i n  descr ib ing  t h e  q u a n t i t a t i v e  s t r u c t u r e  of t h e  PBL unless  



I 
Table 5. Factors affecting PBL temperature structure and behavior. 

I 

* 

INFLUENCING 
FACTOR 

, , i . .  

4 ' r -  

incoming short- 
wave 

cloud cover 

sounding 
(airmass) 

latent heat flux 
from soil and 
vegetation, etc. 

interface biomass, 
sensible heat 
flux 

horizontal 
advection and 
topography 

atmospheric trans- 
mission of short- 
'gave (pollutants, 
dust, haze, etc.) 

surface radiation 
properties--albedo, 
emissivity 

net longwave flux 

ground heat flow 

entrainment 
through PBL top 

hlomentum flux 
(through its ef- 
fect on heat flux) 

ESTIMATED 
RANKING 
OF 

IMPORTANCE 

DAY 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

10. 

11. 

12. 

! SOURCE 
(location from which 
each factor influences 
the energy budget of 
the PBL) 

surf ace 

external and/or PBL 

external (PBL--some 
nodifying effect) 

surface 
(PBL turbulence strong 
secondary effect) 

surface 
(PBL turbulence strong 
secondary effect) 

external 

i i . .  

external 
(PBL--secondary modi- 
fying effect) 

surf ace 

surface,PBL,external 

surface 

PBL (external-- 
secondary effect) 

PBL and external 

NIGHT 

2 .  

4. 

3. 

1. 

5. 

6 .  

WEIGHT 
(Approx. max. 
expected amt. 
of energy used, 
produced, or 
contained--as 
% of no. 
factor) 
D& 

100 

8 0 

70 

6 0 

60 

50 

4 0 

40 

30 

3 0 

2 0 

20 

1 

NIGHT 

90 

70 

80 

, 

100 

70 

50 



a  good su r f ace  energy balance is  employed. This  po in t  cannot be  

overemphasized. The PBL is  not  i n  c o n t r o l  of i ts  own des t iny .  Thus 

e f f e c t i v e  modelling of t h i s  l a y e r  i s  f a r  more dependent on t h e  model- 

l i n g  of e x t e r n a l  i n p u t s  and su r f ace  p r o p e r t i e s  than on d e t a i l i n g  t h e  
- 

p r e c i s e  dynamics of t h e  l aye r  i t s e l f .  i T 

Future  modelling t e s t s  a r e  planned i n  which t h e  e s t ima te s  of 

, , Table 5 w i l l  be f u r t h e r  quan t i f i ed  where poss ib l e .  A s  a  r e s u l t  of 

t hese  tests it  should become more c l e a r  which a r e a s  of modelling 

and parameter iza t ion  can b e n e f i t  from f u t u r e  e f f o r t s .  The approach 

of Table 5 can thereby provide gu ide l ines  f o r  f u r t h e r  work so  a s  t o  

reap t h e  g r e a t e s t  improvements i n  model accuracy - a  
, 

from f u t u r e  para- . , ' ' I 4 * ' .11 

mete r i za t ion  and modelling work. . L 

, I r '  , * 1 qi tg.  



V. CONCLUSIONS 

In this thesis a one dimensional parameterized model of the 

planetary boundary layer has been developed and tested. The model 

predicts the layer averaged values of virtual potentdal temperature, 

wind, and mixing ratio in the PBL by assuming boundary layer profile 

shapes. The unstable profile is assumed to be represented by the "jmp" 

'"fibdel where a zero-ordeF discontinuity of all variables' exists at the 

PBL top (ai). The profiles in the stable PBL are assumed to be linGar 

with height, and 'first order discontinuity is assumed at zi. As 

indicated both the stable and unstable PBL structure and depth are 

modelled here, whereas in past layer-averaged boundary layer models only 

the unstable case has been studied. Two newly developed formulas for 

describing the heights of the PBL top have been developed and tested: 

one predicts the heights of the unstable PBL, and the other diagnoses 

the stable zi using a bulk Richardson number formulation. Transition 

between stable and unstable regimes is accomplished by the model without 

difficulty. 

The model incorporates a detailed surface energy budget which leads 

to a predictive equation for surface temperature. All CoW8tLiirlts d of the 

energy balance at the surface are carefully formulated. The surface is 

assumed to be a layer of finite thickness containing the mass of all 

vegetation, organic debris and loose surface material (collectively 

called biomass). This representation of the surface is shown to be 

more physically realistic than the usual representation of an infini- 

tesimally thin flat surface. Tests show that the biomass parameter 

affects the quantitative behavior of the entire PBL in that large values 



of biomass s t o r e  h e a t ,  slow and damp t h e  daytime warming of t h e  PBL 

1 
and a l s o  d e l a i  and  damp t h e  noc tu rna l  cooling. A new evapora t ion  

equat ion is  developed and t e s t e d  i n  t h e  model. It is  shown t o  work 

w e l l  f o r  a wide range of s o i l  moisture and atmospheric condi t ions .  Also 

a new s o i l  h e a t  f l u x  parameter iza t ion  i s  formulated which does no t  

r e q u i r e  knowledge of t h e  s o i l  temperature p r o f i l e  o r  p a s t  h i s t o r y .  This  

is  a l s o  t e s t e d  and shown t o  c lo se ly  s imula te  both obse rva t iona l  d a t a  and 

t h e  f u l l  non-linear h e a t  flow equat ion.  The f luxes  of h e a t  and moisture 

leav ing  t h e  su r f ace  a r e  ca l cu la t ed  based on t h e i r  own c h a r a c t e r i s t i c  

he igh t s ,  shown t o  be  d i f f e r e n t ,  i n  gene ra l ,  from t h e  c h a r a c t e r i c t i c  

he igh t  f o r  momentum zo. This  a l lows a degree of freedom which permits  ~ 
one t o  account f o r  v a r i a t i o n  i n  t h e  p l a n t  canopy s t r u c t u r e .  Tes ts  show 

t h a t  t h e  PBL is s e n s i t i v e  t o  t h e  s p e c i f i c a t i o n  of t hese  c h a r a c t e r i s t i c  

heights--especial ly  t h e  one f o r  mois ture  which can g ros s ly  a f f e c t  t h e  

evaporat ion r a t e .  

The model was t e s t e d  a g a i n s t  d a t a  from O'Neil l ,  Nebraska and from 

t h e  Wangara experiment, and i t  w a s  compared wi th  o the r  models of t he  

PBL. Resu l t s  show t h a t  t h e  model s imula tes  t h e  observa t ions  w e l l ,  

inc luding  a case  i n  which a f te rnoon cloud cover develops a t  t he  PBL 

top both i n  t h e  model and i n  t h e  observa t ions .  The model was a l s o  

found t o  be  equal  o r  supe r io r  t o  t h e  o the r  models examined. 

A few explora tory  t e s t s  were conducted i n  which i t  is  seen t h a t  

t h i s  model i s  u s e f u l  a s  a t o o l  i n  t e s t i n g  t h e  e f f e c t s  of va r ious  su r f ace  

c h a r a c t e r i c i s t s  and land-use p a t t e r n s  on t h e  PBL. One such t e s t  showed 

t h a t  a s u r f a c e  which i s  covered by 20% i r r i g a t e d  land  and 80% dry  land 

evaporated considerably more than a uniformly damp su r f ace  wi th  the  same 

mean s o i l  moisture.  This  t e s t ,  supported by observa t ions  a t  O 'Nei l l ,  



also shows that such irrigation has a very large effect of the quantitative 

structure of the unstable PBL and thus has implications toward inadvertent 

weather modification. 

Finally, it is concluded that the planetary boundary layer is not 

very self-deterministic, but rather is strongly dependent on surface 

characteristics and on inputs from the larger scale external factors. 

As a result a good, carefully formulated surface energy budget and good 

representation of the large scale are vital to the proper quantitative 

description of the planetary boundary layer. 



VI. SUGGESTIONS FOR FUTURE RESEARCH 

There a r e  unl imited p o s s i b i l i t i e s  f o r  f u r t h e r  s tudy  wi th  t h e  model 

developed he re ,  bo th  i n  explora tory  use of t h e  model t o  f u r t h e r  our 

knowledge of t h e  boundary l a y e r  and su r f ace  in f luences ,  and i n  improve- 

ment of t h e  model i t s e l f .  I n  t h e  l a t t e r  category t h e r e  is  cons iderable  

room f o r  improvement of t h e  evapora t ion  and s o i l  hea t  f l u x  parameter- 

i z a t i o n ~ ,  and of t h e  r ep re sen ta t ion  of t h e  noc turna l  boundary l aye r .  

A s  more observa t ions  become a v a i l a b l e  and t h e  s t a b l e  boundary l a y e r  

becomes b e t t e r  understood i t  may be found t h a t  t h e  l i n e a r  p r o f i l e  

assumed h e r e  i s  inappropr ia te .  Other improvements may be poss ib l e  

i n  t h e  a r e a  of k i n e t i c  energy equat ion such a s  t h a t  given by Zeman and 

I 
~ e n n e k e s  (1977) may prove use fu l .  Also more exp lo ra t ion  of t h e  e f f e c t s  

of t h e  r e s i d u a l  turbulance i n  t h e  i n e r t i a l  l a y e r  above the  noc turna l  zi 
* i .  

could : f r u i t f u l .  

tin e n t i r e  f i e l d  of f u t u r e  r e sea rch  which i s  j u s t  beginning t o  be  

developed i s  t h e  improved and more d e t a i l e d  r ep re sen ta t ion  of t h e  e a r t h ' s  

sur face .  A s  has  been shown by t h e  work repor ted  here ,  t h e  boundary 

l a y e r  i s  h igh ly  s e n s i t i v e  t o  su r f ace  c h a r a c t e r i s t i c s .  Toward t h e  

u l t ima te  accu ra t e  parameter iza t ion  of t h e  su r f ace  a four  l a y e r  model 
$ '  %.!I' 7 

oposed. The uppermost l a y e r ,  t h e  canopy l a y e r ,  is  a l a y e r  of 

l i v i n g  vege ta t ion  e i t h e r  open o r  c losed t o  r a d i a t i v e  pene t r a t ion  which 

has mass and t r a n s p i r e s  water vapor.  Beneath t h e  canopy is  t h e  stem 

l aye r  which may be approximated by zero mass, zero t r a n s p i r a t i o n ,  and 

r e l a t i v e l y  u n r e s t r i c t e d  a i r  motion. Nearer t h e  s u r f a c e  i s  t h e  t h i r d  

l a y e r ,  t h e  undergrowth l a y e r  which aga in  t r ansp i r e s  and has  mass and 

i s  assumed t o  c o n s i s t  of l i v i n g  vege ta t ion  e i t h e r  open o r  c losed t o  
, , .a; A P 9~ i 



r a d i a t i v e  pene t r a t ion  depending on t h e  dens i ty  of vege ta t ion .  F i n a l l y  

next  t o  t h e  su r f ace  i s  t h e  tha t ch  layer--a l a y e r  containing dead organic  
i+ 

mat t e r ,  l oose  s o i l ,  and any snow cover. This  l a y e r  is  assumed closed t o  

r a d i a t i v e  processes  and t o  a i r  motion and insfgad possesses  a s p e c i f i e d  

conductivity--usually considerably l e s s  than t h a t  of t h e  s o i l  below. 

Such a s u r f a c e  r ep re sen ta t ion  should be  a b l e  t o  desc r ibe  n e a r l y  every 

s o r t  of su r f ace  cover using only  a handful  of parameters r e l a t e d  t o  Leaf 
I I 

dens i ty ,  mass c h a r a c t e r i c t i c  he igh t s ,  e t c .  

One f u r t h e r  area i n  which improvement of t,he model is  needed is  t h e  

r ep re sen ta t ion  of cloud cover and/or  fog i n  t h e  PBL. Work has  been 

done i n  t h i s  f i e l d  by Schubert (1976), Deardorff (1976), and Benoit (1976). 

Some of t h e i r  r e s u l t s  could be app l i ed  t o  t h i s  model wi th  a r e s u l t i n g  
' 1 '  

g r e a t  improvement i n  t h e  g e n e r a l i t y  of t h e  model. I 

Uses of t h e  model f o r  explora tory  r e sea rch  inc lude  t e s t i n g  t h e  

e f f e c t s  on t h e  PBL of such th ings  a s  timber harves t ing  techniques,  

u rbaniza t ion ,  va r ious  combinations of a g r i c u l t u r a l  land use ,  swamp 

dra inage ,  e t c .  
', - 

I n  t h e  near  f u t u r e  tests a r e  planned t o  e l imina te  t h e  s u r f a c e  l a y e r  

averaged parameters &, uMA, vW and qm from t h e  model, t o  assume a 
8 ,  UK !', s t  1 ' ' t  

cons tan t  f l u x  su r f ace  l a y e r ,  and determine what e f f e c t s  t hese  s impli-  

f i c a t i o n s  have on t h e  o v e r a l l  model accuracy. F i n a l l y ,  work is c u r r e n t l y  

underway t o  employ t h i s  model i n  a t h r e e  dimensional mesoscale model 

w i th  t h e  purpose of descr ib ing  t h e  development and motion of mesoscale 

weather systems. Within t h i s  framework, then ,  i t  i s  hoped t h a t  numerous 

experiments w i l l  be  performed t o  desc r ibe  t h e  e f f e c t s  of va r ious  types 

of ground cover ,  land usage, and topographic fe,atures on t h e  boundary 

l a y e r  s t r u c t u r e ,  t h e  mesoscale f low f i e l d  and t h e  i n i t i a t i o n  of convection. 
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APPENDIX. Initial Conditions used in testing the model.(all units CGS) 

A. O'NEILL period 2 

=303.1 % =1100.0 D =O.O (P =0.74177 
OVM 

=300.3 v = 1400.0 =0.0105 d z225.0 
qs evm =0.0099 z 

M 
q~ 

=27500.0 z =5000.O mc =0.3 
=0.0094 L~ =15000.0 a'$ =O.O -z =0.18 @ ~292.1 v 

z =1.0 time = 14400.0 = 296.45 
=6oo.o a g . / a t  =0.7 tit =180.0 

1 v 
MA = 1100.0 W = 4 . 8  c =1.0 



B. O'NETLL period 5, Day 1 



C. O'NEILL period 5, Day 2 

evM =305.2 uM ' 5 4 1 . 3  D =O. 0 $ '0.74177 
I '304.2 e v ~  I 

v 
M =1035.7 4, "0,0121 d '237.0 

'0.0121 '24260.7 =5000,O mc 
S '0.3 

'0.0121 li '5686.6 v -x 
=293*95 Z0 

'0.205 
=1.0 time =180,0 E15cm '296.4 g =478.3 a t i / a t  =1.25 6t =180.0 =o.o009 

v 
MA '923.5 W '2,8667 C =1.0 



D. WANGARA. Dav 33 

=276.0 "M =-300.0 D 
OvM =273.0 
%MA v M = 75.0 

=0.0036 z 9s 
4~ 

= 8000.0 z 
4 =0.0036 L~ = 800.0 hk 

=273.0 v 
z = 4.0 time 

=-150.0 a&,/at= 0.0 6t 
v 

MA 
= 200.0 W = 4.2 c 



E. WANGARA, Day 16 

1008 
983 
936 
870 
82 8 
787 
700 
500 
boo 
150 

0.01 

*through the  course of t h e  run these  va lues  a r e  modified 
a s  fol lows 





I i 1 De,cemuber , 1978 I 
! ; ;l. i )e t .a ikChl  Pal a n e L e r i z a t i o n  of t h e  Atmospheric ~ o u n d a r ~  Layer 
, 1 

I ! .- ,. -. . -. .--- --- - --- 
: , >  

-,.--- 

f 
Nati.onal Sc ience  P q  

' l.'45.!. Cons t i t u ~ i o n  
3 .  

lv:iL5n i71g ton, D .  C .  

, . g ,  ,', ~ ? . ~ . i i >  J 

/ Depiir tnent of Atlilospheric Sc ience  
Colorado S t a t e  U n i v e r s i t y  11. 

I 

'1 .>~~e-di.iiter~s I imaL p. i~ lmte~t?r l . /ed  model of t h e  rJlanetary boundarv Layer (Pbl;) i s  cieveJ.op4 
2 . t ~  :cs 1 1 ~ ~ .  2112 uodel p r e d i c  .s L'xyrr .iveraged v a l u e s  of wind, temperature and r;oi s t u r d  
v i t cbe r  boch stable and  u i ~ s ~ a b l c  c0uili.t i ~ n s  by assuming s t a ~ d a r d  p r o f i l e  shapes .  A ~ r e d i , - -  

I 
: L- '.ye e q ~ a c i u ~ i  i s  J d v e  opdd f v l  the u ~ l s ~ a b l e  PHL h e i g h t  zi, and a new d i a g n s s t i c  eqclatiori 

r 3  1: 3rd 1-01: uhc 5 t a . L ~  1 ,  z ;. !.3:a?da L L ~ ( J ~ I  beiweea s t . l b l e  and uzlstable reg iws is ;~ccdnlpLisil,d 
, ? . I  r : h :  J I C P L / ~ L  w i ihou t  3i C C  L C U ? ~ ~  . L'he silodet i n c o r ~ ~ a r a t c l s  d d e t a i l e d  s u r  Eace ent ,gy buddct  --  
, < 

- . 3 ~ > ~ u , ~ l  to be! of v;taL i m p c ~ c c a ~ ~ , ~ e  LLI ,in ~ c c u t . . r t e  q t ~ ; ~ r l t i t : , t i ~ e  d e s c r i r > t i o u  ,IL- the PBL Ucw 
>aicd~:~er_dr i. <at ~ous ~ V L  e v  ~ p i ) ~ ' ~ i ~ i ~ , .  2 i d  53 1 . 1 .  -C<LL  LUX . i ~ e  i i ) ~ ~ f i ~ u ~  t ~ d  dllu jhown L U  work we I. i 

i . "ih 2 1. 3 L: L J ~  ~cillgc J t L 3. t J I .  L 1. . p i ,  3 

'.''ad lnode L LS td,tecl ,i j d i ~ ~ S L  . I ~ c ~  : LC).II c ) '  he L L  I., i l eb rc l ikd  dnd EL,.),LI thi! 'pJangci-ccl cxper i- 
l l ~ . .  irld ~t i, ~,*llipared b ~ t h  oiitcr I,I~,,!LI.S U L   he P B L .  R C ~ S U ~ L S  shv~,? t h a t  t h e  m ~ d e L  siu,- 
'.IIL<= :he ~ b , , e t . v ~ ~ i o n j j  i~r I .1,  ~ I L J  chat i L  i b  e q u a l  or  s u p e r i u r  t o  thc  o t h e r  modc Lt; exarni.iLid. 

S o .  

- -. 
'11. Cor.:.~::. V1.17. :.o. 

i 

i t  ' ?  !?3L L, v e r y  ~ ~ L L S L L  L V ~  t.) c h.~i1,5eb i i l  pdLaniCteL's S C L C ~  a s  the mass o f  Like L y e r  d L  
. a  .,.c. fd;?, che c l i f  Eerencd cbetwcei~ r h e  c h ; l r ; t C t d r ~ b l i c  neLgrlLs f o r  i l lo is lure  \zQ IILC: 

t r ~ . * , + : ~ . - ~ . c ~ ~ : l  ( L ' , ) ,  i h c  a~~~ilclpr; uf Jew ,*iebcnt  d~ ~ i i t w i 1 ,  .ind ; n e  soil moisture c u a t ~ n l .  S u c h  
Ir: 5 .  -, J L L  e ~ r b e i ~  I. iL) s k c t j v i ~ ~ ~  I I L , ~ L L  z inziivel itj~lt m o ~ l i i  i c ' i t  i.,n o!. L'nc rjeal. h ~ r  t n r o i L & l ~  ~ t i r d  

6. ?I::!O~T.I~,& G ~ S A : I ~ L J I ~ O ~ ,  K,.;::. 
I : P e t e r  J .  Wetzei 
! - ----- - CSU-ATSP- 302 --. 
! 19. ?( i i ~ . [ ia ia ;  G:g;~t . :dt i~r~ : s ~ f i ~ c  JL?.,.~ /.,:<cc s b  1 ' k  t i :  . 1 

I / F o o t h i l l s  Campus KChR-24-73;NSG 5105 NRC-04-75-197;GA 31588 
a ( P o r t  Col Lins , Colorado - _ _- _ -_ __ - __ _ ~4-5-022-8;h.Sbl023Su~d _- ATM 77-09770 i . , i:,., , - r L . .  , /I ; 13. -; , , .t I(L?G.: , P C ~ I ~ , :  --I 




