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The energy budget of a pumice dese r t surface was analyzed under 

c lear skies during ear ly , mid- and late summer per iods . The pumice 

site is in the s e m i - a r i d plateau region of Central Oregon at an eleva­

tion of about 1500 m e t e r s . The flat pumice surface is approximately 

250 hec ta res in extent, and is bordered by a s pa r s e lodgepole pine 

forest . Energy budget components of net radiat ion, soil heat flux, 

sensible heat flux, and latent heat flux were evaluated for one c lear 

day in each of the three m e a s u r e m e n t pe r iods . 

2 
The daily energy budget totals were ( c a l / c m day): 

17 July 1969 13 August 1969 4 September 1969 

Net radiat ion 258 228 194 

Soil heat flux -7 -14 -2 

Sensible heat flux -197 -197 -180 

Latent heat flux -54 -17 -11 

The most significant features of the pumice dese r t energy budget 

we re : 1) Radiant energy t r ans fo rmed by the pumice surface (net 



radiation) was approximately 60 percen t of the amount m e a s u r e d over 

a nearby forested surface; 2) Energy t r ans fe r into the soil amounted 

to l e s s than 3 percent of the energy supplied to the surface by net 

radiation, while surface t empe ra tu r e s var ied through a 50° C range each 

day; 3) Sensible heat flux diss ipated 85 percent of the net radiat ion 

supplied to the surface; and, 4) Evaporat ion at the pumice site 

averaged l e s s than 0. 05 cm per day, although the pumice beneath the 

dry surface layer remained mois t . 

A unique stabil i ty cor rec t ion , (j>, for the aerodynamic flux 

analysis of sensible or latent heat was developed to extend over the 

wide stabil i ty range found at the pumice s i te . The form of this c o r ­

rect ion during unstable conditions is : " 

0. 55 
<j> = ( l -34Ri)U , 

where Ri is R ichardson ' s stabil i ty p a r a m e t e r . 

A method for es t imat ing the uncer ta inty of the m e a s u r e m e n t 

system and of the resul tant flux analyses was developed and applied to 

the r e su l t s of this study. The average re la t ive uncer ta in t ies of the 

net radiation and soil heat flux analyses were est imated to be l e s s 

than 1 percent and 5 percent , respec t ive ly . The average uncertainty 

of the sensible heat flux analyses was es t imated to be 3 percent when 

using an aerodynamic model , and 9 percent when using the Bowen 



rat io model . The corresponding figures for latent heat flux a r e 25 

percent with the aerodynamic model and 30 percent with the Bowen 

ratio model . The l a rge r percentage uncer ta int ies associa ted with 

latent heat a r e due in par t to the small vapor p r e s s u r e gradients near 

the pumice surface, re la t ive to the measu remen t capabil i t ies , and in 

part to the small values of the latent heat flux. 

This study demons t ra tes the applicabili ty of micrometeorologica l 

theory in character iz ing complex microcl imatological relat ionships by 

presenting them in a concise, comparable form through use of the 

energy budget. 
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THE ENERGY BUDGET OF A PUMICE DESERT 

I. INTRODUCTION 

The pumice soils of the Centra l Oregon uplands a r e typically 

vegetated by lodgepole and ponderosa pine f o r e s t s . The economic 

welfare of this region is dependent p r i m a r i l y upon this single na tu ra l 

r e s o u r c e . T imbe r harves t ing and p rocess ing indus t r ies employ m o r e 

than two- thi rds of the indust r ia l work force , according to a survey of 

the Indust r ia l Development R e s e a r c h Council (1968). Most of the 

forest land is federal ly owned and managed; consequently, the govern­

ment is the third l a r g e s t employer in the region. Also, the region is 

renowned for i ts yea r - round r ec rea t iona l oppor tuni t ies , which a r e 

based a lmost en t i re ly on the fores t l ands , a t t rac t ing many v i s i to r s for 

hunting, fishing, camping, skiing, hiking and s igh t - see ing . 

The P r o b l e m 

Scat tered throughout this fores ted region a r e b a r r e n pumice 

d e s e r t s . These d e s e r t s a r e l a rge ly geological in or igin (Horn, 1968), 

but their pe r s i s t ance to recent t ime is indicative that afforestat ion on 

them is achieved only slowly. Regenera t ion of a r e a s c lea red by 

logging is also observed to be difficult, and the re is concern that m i s ­

management may resu l t in the c rea t ion of m o r e pumice d e s e r t s as a 

resul t of r e s t r i c t i ng factors in the environment . 
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The factors r e s t r i c t i n g t r e e es tab l i shment and growth in this 

region have been identified in a number of r ecen t studies (Cochran 

e t a l . , 1967; Hermann , 1968, 1970; Wagg and Hermann , 1962; 

Youngberg and D r y n e s s , 1964). These studies point to s eve ra l 

environmental or si te fac tors which resu l t in a s eve re m i c r o c l i m a t e at 

pumice su r faces . He rmann (1968) p laces envi ronmenta l mo i s tu re as 

the mos t impor tant l imiting factor to successful seeding of pine in the 

region. Cochran .et aL (1967) emphas ize the t he rma l c h a r a c t e r i s t i c s 

of the pumice soil as a dominant s i te factor influencing the m i c r o c l i ­

ma te , and thus t r e e es tab l i shment . The significance of these fac tors 

is c lear ly evident in these field s tudies , but as yet no p rac t i ca l solu­

tion to the problem of es tabl ishing and maintaining fores t s in this harsh 

mic roc l ima te has been advanced. Efforts at reducing the h a r s h n e s s of 

this mic roc l ima te have met with l i t t le s u c c e s s . Detailed s tudies of 

the mic roc l ima te of pumice sur faces in the region can therefore be 

justified on the bas i s of the value of the fores t r e s o u r c e . 

The Energy Flow Approach to the Study of Microc l imate 

The bas ic re la t ionship between the m i c r o c l i m a t e and the flow of 

energy in the environment was demons t ra t ed in 1927 by Geiger (1966). 

Because of this re la t ionship the s tate of the environment is cons idered 

to be the consequence of the flows of energy by rad ia t ive , conductive, 

or convective p r o c e s s e s , or by chemical t r ans format ion 
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(predominantly evaporat ion) . The examinat ion of these energy flows is 

fundamental to unders tanding the m i c r o c l i m a t e . Such understanding is 

essent ia l for eventual modification of c l imat ic fac tors at a given s i te . 

The energy flow approach has been widely applied in the study of 

the environment of specific su r f aces . The s tudies of Denmead (1969), 

Lemon (1965), Mcl l roy and Angus (1964), Rider and Robinson (1951), 

Tanner (1967), and T u r n e r (1965) a r e but a few examples where 

energy flows have been evaluated as fundamental components of the 

m i c r o c l i m a t e . 

In ecology, Gates (1965) has espoused the idea of cha rac t e r i z ing 

the environment of a specific surface using energy flow re la t ionsh ips . 

He has suggested that energy re la t ionsh ips a r e useful in explaining the 

natura l d is t r ibut ions of p lan ts . This is not a l together unexpected, 

because l a rge scale differences in plant product ion a r e commonly 

known to be co r r e l a t ed to regional c l ima te s , which in turn ref lect the 

prevalent energy flows in the respec t ive env i ronments . On the m i c r o -

scale cer ta in envi ronmenta l f ac to r s , such as the m o i s t u r e and t he rma l 

c h a r a c t e r i s t i c s a l r eady ment ioned, obviously have c r i t i ca l influences 

on plant es tab l i shment and on l a t e r growth and product ivi ty . However , 

mos t a t tempts at quantifying these smal l sca le influences have been 

incomplete because of the lack of fundamental information about the 

energy flow p r o c e s s e s that have c rea ted the m i c r o c l i m a t e . It is a 

p r e m i s e of this r e s e a r c h that an examinat ion of the energy flow 
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p r o c e s s e s is basic to the evaluation of environmental influences at the 

microcl imatologica l , or plant, level . 

The potential of using energy flow information for s i lvicul tural 

advantage has been widely recognized, and was specifically empha­

sized by Woods (I960). Most notable among the proponents of this 

approach to p rob lems in fo r e s t ry have been Baumgar tner (1956), 

Miller (1955), Rauner (I960), and Reifsnyder and Lull (1965). The 

advantages of the energy flow approach include: 1) application to the 

field situation without a l te ra t ion of the exper imenta l surface; 2) a 

sensit ivity suitable for s h o r t - t e r m observat ions of environmental 

relat ionships; 3) the non-des t ruc t ive na ture of the technique, which 

allows repeated sampling at the same si te; and, 4) d i rec t compar i son 

with other energy flow s tudies , owing to the fundamental nature of the 

analys is . 

Inherent in the application of energy flow techniques is the desir­

ability of t reat ing the exper imenta l surface as a sys tem for which each 

of the energy flows a r e studied as components of an energy budget. 

An energy budget is an accounting of the incoming and outgoing energy 

flows, and the changes in energy s torage by the sys tem. Because 

energy is always conserved, the sum of these energy components for 

the sys tem mus t be z e r o . Consequently, the energy budget is a con­

venient framework for microc l imato log ica l ana lys i s . 
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Considerat ions in the Application of the Energy Budget 

Despite the advantages of the energy budget, i ts application has 

met with varying success in the field. For many inves t iga to rs , the 

major difficulties encountered in the energy budget approach have been 

associa ted with the need for re la t ive ly e labora te and expensive in s t ru ­

mentat ion (Namken et al . , 1968). Also, the m o r e e labora te the 

ins t rumenta t ion , the g rea t e r the exper t i se needed to acqui re and 

handle the data collected. 

The ins t rumenta t ion r equ i r emen t s a r e l a rge in energy budget 

studies because all of the major energy flows a r e being evaluated from 

measu red values of r ep re sen t ive p rope r t i e s in the environment . Since 

these p rope r t i e s change as the energy flows change in t ime , they mus t 

be repeatedly sampled throughout the day. The l a rge amounts of data 

that a r e accumulated cause significant computat ional p r o b l e m s . 

High expense and data handling p rob lems a r e not the only diffi­

culties encountered in the energy budget approach. The ready appl ica­

tion of energy budget pr inc ip les to many sur faces of p rac t i ca l in te res t 

is fur ther r e s t r i c t e d by l imi ta t ions in theory and exper imenta l design. 

For example , the sca le and var iabi l i ty of fores ted sur faces c rea te 

special difficulties in the application of energy flow analyses (Tanner , 

1968). As a r e su l t , the major i ty of energy flow analyses have been 

based on data collected during c lear weather per iods over sur faces 
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that a r e l a rge and flat. This has of course been n e c e s s a r y to faci l i tate 

the refinement and extension of the mic rome teo ro log i ca l theory d e a l ­

ing with energy flow m e c h a n i s m s . However, the ana lyses have seldom 

considered the total energy budget r e sponse of a na tu ra l surface over a 

wide range of envi ronmenta l conditions (Webb, 1965; Lumley and 

Panofsky, 1964). This theore t ica l preoccupat ion is justif ied, but it is 

t roublesome to those who a r e in te res ted in specific mic roc l ima to log i -

cal p rob l ems , and who view energy budget analys is as a tool to gain 

insight into environmenta l r e l a t ionsh ips . For tuna te ly , f rom a theo­

re t i ca l standpoint the pumice d e s e r t si tuation offers an excel lent and 

unique exper imenta l site on which to study envi ronmenta l re la t ionsh ips 

pert inent to the p rob lems of afforestat ion. 

The Objective 

The objective of this study is to evaluate the pr inc ipal energy 

flows occurr ing at the pumice surface during the s u m m e r when 

environmental con t r a s t s a r e g rea t e s t . The d iurna l energy budget of 

this surface will be developed from mic rome teo ro log ica l observa t ions 

made specifically for this purpose . These m e a s u r e m e n t s will be 

examined to de te rmine their sui tabi l i ty for the application of analyt ical 

re la t ionships that have been proposed in the l i t e r a t u r e . These ana ly t i ­

cal re la t ionships will also be tes ted for their applicabil i ty in r e p r e ­

senting the surface energy flows. And finally, the analyt ical e r r o r s 
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will be es t imated f rom cons idera t ions of the adequacy of the m e a s u r e ­

men t s . 

The information gained in this study will contr ibute to the solu­

tion of the problem of es tabl ishing and maintaining fo res t s on the 

pumice soils in Centra l Oregon. It will provide a be t te r understanding 

of the mic roc l ima t i c conditions encountered by plants in s imi la r h a r s h 

envi ronments . The information will a lso be useful for compar i son 

with s imi la r ana lyses of other types of na tu ra l sur faces and for com­

par i son with surfaces that have been modified to a t tempt envi ronmen­

tal control . 
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II. FUNDAMENTAL CONSIDERATIONS OF THE ENERGY BUDGET 

The purposes of this chapter a r e : 1) to identify the pumice 

dese r t surface as a sys t em for energy budget ana lys is ; 2) to define the 

pr incipal components of the energy budget; and, 3) to develop m i c r o -

meteorologica l re la t ionships for the evaluation of these components . 

The Energy Budget at the Pumice Surface 

System Definition 

When dealing with energy budgets it is n e c e s s a r y to identify the 

sys tem with which the energy components a r e to be assoc ia ted . This 

is requi red to insure comple teness of the energy budget ana lys i s . 

Ideally, perfect cor respondence should exis t between the sys tem as 

conceived by the invest igator and the sys tem as desc r ibed by the 

m e a s u r e m e n t s . Real izat ion of this goal is foremost in the successful 

application of energy budget theory. 

In the mos t genera l sense a sys tem is a volume with p r e s c r i b e d 

boundar ies . For mic roc l imato log ica l pu rposes the sys t ems of mos t 

in teres t a r e at the e a r t h ' s sur face . Here the conservat ion of energy is 

chiefly the conservat ion of heat , with considera t ion of kinetic energy 

entering only as it influences the disposi t ion of that heat . Energy 

budget, or energy conservat ion, theory r e q u i r e s any gains or l o s se s of 

energy by a sys tem to be balanced by a corresponding change in energy 
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content within the sys tem. 

Since there is no plant canopy at the pumice s i te , al l of the 

energy exchange takes place at the pumice -a tmosphe re in terface . The 

absence of a canopy allows the definition of the sys t em to be s impl i ­

fied to a two-dimensional plane, el iminating the need to consider a 

th ree -d imens iona l , vo lumetr ic sys tem. Since the plane has no finite 

th ickness , there can be no l a t e r a l energy t r a n s f e r s through the s ides 

of the sys tem, nei ther can the re be any contained energy. Evaluation 

of the energy budget thus becomes a p rob lem of the evaluation of the 

budget components acting normal to the plane of the sur face . 

Pr inc ipa l Energy Budget Components 

The pr incipal energy budget components a r e becoming genera l ly 

recognized to the extent that comprehens ive , definitive t r ea tmen t s can 

be found in s eve ra l recen t texts (Se l le rs , 1965; Munn, 1966; Lowry, 

1969). However, it will be helpful to define them from the pe r spec t ive 

of this study. 

The pr incipal components of the energy budget a r e the r e su l t of 

the transfer of energy by the p r o c e s s e s of radia t ion, conduction, and 

convection, or by chemical t rans format ion , as occurs in the evapora ­

tion of water . The energy budget components may be defined re la t ive 

to the operat ion of these p r o c e s s e s at the sur face . 

Radiation is a p r o c e s s wherein heat t r ans fe r is accompl ished by 
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e lec t romagnet ic phenomena. As a resu l t , no intervening medium is 

requi red for radiant energy to be t r ans f e r r ed from the surface . 

Radiation occurs as a resu l t of the t e m p e r a t u r e of the surface . The 

spect ra l quality and intensity of the radiat ion va r i e s with the t e m p e r a ­

ture of the surface and with its re la t ive abili ty to rad ia te . Radiative 

t ransfer r a r e l y proceeds in one direct ion only, there being s imul tane­

ous t ransfer both away and toward the surface with other objects in the 

field of view. It is thus the net t ransfe r of radiat ive energy which is 

of in te res t as an energy budget component. 

The net t ransfe r of radiat ion to the sys tem is called net-

radiation, symbolized Q#.— It r e p r e s e n t s the difference between 

the incoming and outgoing flows of radiant energy. By convention, 

when the incoming radiat ion exceeds the outgoing radiat ion Q* is 

considered posi t ive. Net radiat ion is m e a s u r e d on the bas is of a unit 

a rea of the sys t em. It is also m e a s u r e d in t e r m s of the prevai l ing 

ra te of t ransfer per unit t ime , or flux. Consequently it is commonly 

called net radiat ion flux densi ty, although the word flux is frequently 

used synonomously with flux densi ty. 

Conduction is a p roces s by which heat t ransfer is accomplished 

by d i rec t molecular in teract ion without d isp lacement , and can occur 

— Radiation symbols used correspond to the uniform terminology 
proposed in the 3rd Edition, Guide to Meteorological Ins t rument and 
Observing P r a c t i c e s , WMO-No. 8. T P . 3, World Meteorological 
Organization, Geneva, 1969. 
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within a single phase or between p h a s e s . Conductive heat t r ans fe r 

r equ i r e s a medium and occurs in the d i rec t ion of lower t e m p e r a t u r e s . 

The intensity of heat conduction v a r i e s with difference in t e m p e r a t u r e 

and with the the rma l c h a r a c t e r i s t i c s of the medium. Conduction is 

measu red on the bas i s of a unit a r ea of the sys t em per unit t ime , i. e. , 

a flux densi ty. When conductive heat flux is d i rec ted toward the s y s ­

tem it is considered posi t ive . 

The energy budget component wherein conduction pe r fo rms the 

2 / 
significant ro le is the soil heat flux, symbolized G,~" which accounts 

for the t ransfer of heat through the soil . The evaluation of G is 

made by the application of the pr inc ip les of conductive heat t r ans fe r . 

Conduction is also the controll ing p r o c e s s for the t rans fe r of 

heat from the surface to the a i r , but it is not the mode of t ransfer 

within the air itself. For this r e a s o n heat t ransfe r in the a i r is 

evaluated using the pr inc ip les of convective heat t r ans fe r . 

Convection is a p r o c e s s by which heat t rans fe r is accompl ished 

by the d isplacement of molecules within a fluid. Convective heat 

t ransfer r equ i r e s a medium and occurs in the d i rec t ion of lower t e m ­

p e r a t u r e s . The intensi ty of heat convection va r i e s with difference in 

t empera tu re and with the mechan i sm effecting d i sp lacement , or 

27 
~ This symbol for soil heat flux, or ground flux, was chosen to 

conform with the genera l p rac t i ce followed in cu r ren t jou rna l s . This 
considerat ion also govern the choice of symbols made throughout the 
text. 
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mixing, of the molecules of fluid. Mixing can be effected by buoyant 

fo rces , called free convection, or by winds, called forced convection. 

Convection is m e a s u r e d on the bas i s of a unit a r e a of the sys tem per 

unit t ime , or flux densi ty . Convective heat flux d i rec ted toward the 

sys tem is considered posi t ive . 

The energy budget component which involves the t ransfe r of heat 

in the a i r by convection is the sensible heat flux, symbolized H. 

The t e r m "sens ib le" implies the sensed t e m p e r a t u r e aspect of the 

ana lys is , although the same pr inciple is used for G. However, the 

t e r m "sens ib le" as used in the l i t e r a tu r e applies p r i m a r i l y to the 

analysis of convective heat t r ans fe r as an energy budget component. 

The t rans format ion of water between phases ut i l izes significant 

amounts of heat energy. Evaluat ion of this energy, the so-ca l led 

latent energy, is n e c e s s a r y for the complete energy budget analys is 

if the water en te r s or leaves the sys t em. Because the same convec­

tive mechan i sm which t r a n s p o r t s heat a lso t r a n s p o r t s water molecules, 

it is convenient to evaluate the flux densi ty of water vapor as a con­

vection p r o c e s s . This is readi ly converted to energy units by mul t i ­

plication with the latent energy, \, r equ i red to vapor ize (or con­

dense) the quantity of water t r a n s f e r r e d . Thus the energy budget 

component which involves the t r ans fo rmat ion energy of water is called 

latent heat flux and is symbolized \K. When the vapor flux is 

d i rected toward the sys tem, XE is cons idered posi t ive . 
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The Energy Budget Equation 

Assembl ing the pr inc ipa l energy budget components , the bas ic 

energy budget equation can be wri t ten: 

Q* + G.+ H + X.E = 0, [1] 

the symbols having been defined as net radia t ion flux, soil heat flux, 

sensible heat flux, and latent heat flux, respec t ive ly . Standard units 

of these fluxes a r e ca lo r ies pe r square cen t imete r per minu te . Since 

all components cannot be of the same sign, that i s , be acting in the 

same di rec t ion, the c o r r e c t sign must be indicated from the r e l a t ion ­

ships used for ana lys i s . Because the pumice d e s e r t sy s t em is a two-

dimensional sur face , it is understood that the evaluation of these 

components is needed in the d i rec t ion n o r m a l to the surface only. 

Micrometeoro log ica l Rela t ionships 

The at ta inment of re la t ionships permi t t ing the evaluation of 

energy fluxes from mic rome teo ro log ica l m e a s u r e m e n t s has been the 

objective of many invest igat ions r epor t ed in the l i t e r a t u r e . The gen­

e ra l form taken by these re la t ionships is governed by knowledge of the 

mechan i sms of energy t r ans fe r as adapted to the capabi l i t ies of 

ins t rumentat ion and data p roces s ing . This sect ion p r e s e n t s a review 

of the fundamental re la t ionships appropr ia te to the ana lyses of energy 
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fluxes for the pumice sur face . The formulat ions a s sumed by these 

re la t ionships for computat ional purposes a r e given in Appendix III. 

Net Radiation Flux 

The net radia t ion flux, Q*, of plane surfaces is ea s i e s t of the 

energy budget components to m e a s u r e . Ins t rumenta l developments in 

recent yea r s have made the d i rec t m e a s u r e of Q* a re la t ive ly 

s t ra ightforward p rocedure (Suomi jet a l . , 1954; Funk, 1959; F r i t s c h e n , 

1963). It is not the intent h e r e to review the re la t ionships governing 

the m e a s u r e m e n t of this component, which a r e summar i zed by Se l l e r s 

(1965) and by van Bavel et_ aL_. (1963), but m e r e l y to include mention 

of net radiat ion flux for comple teness . 

It is often useful to examine net radia t ion in detai l in o r d e r to 

de te rmine cer ta in c h a r a c t e r i s t i c s or p r o p e r t i e s at the sur face . The 

initial step in doing this is to expand the net radia t ion into a balance 

equation in which the contributing radiant energy fluxes a r e separa te ly 

identified: 

Q* = Kl + L i - Kt - Lf, [2] 

where K is used for the shortwave components and L for the long­

wave. The incident so la r radiat ion is r ep re sen t ed by K j , while 

Li is the incident a tmospher ic radia t ion, Kt is the ref lected so la r 

radiat ion, and LI is the outgoing surface radiat ion. The solar 
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fluxes a re charac te r i zed by wavelengths shor te r than 4{JL, and the 

longwave fluxes by wavelengths longer than 4|i. The signs affixed 

on the right side of Equation [2] take cognizance of the constant d i r e c ­

tion of these fluxes so that it is only n e c e s s a r y to de te rmine their 

magnitude by measu remen t . The direct ion of Q*9 however, may go 

either positive or negat ive. 

Albedo. The albedo, a, is an important surface cha rac t e r i s t i c 

because mos t of the energy diss ipated at the surface or ig inates from 

the conversion of solar radiat ion into longwave radiat ion or into non-

radiant fo rms . Albedo is a proport ional m e a s u r e of the amount of 

solar radiation converted. It is d i rec t ly de te rmined by comparing the 

reflected shortwave radiat ion to that a r r iv ing at the surface of the 

sys tem: 

a = Kt/Kl . [3] 

The albedo va r i e s with the type of surface and with changes in the s u r ­

face in t ime. It is a useful index for comparing the radiant response 

of different sur faces . Excepting for the wavelength-select ive nature 

of the sensor , shortwave radiat ion is measu red using ins t ruments 

very s imi lar in design to those used in measur ing net radiat ion flux. 

Surface T e m p e r a t u r e . The outgoing longwave radiat ion, L»f , 

or iginates for the most par t at the surface , due to its t empe ra tu r e . 

Because this flux has longer wavelengths than solar radiat ion, it is 
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re la t ively easy to m e a s u r e using appropr ia te r a d i o m e t e r s . The out­

going longwave flux actual ly cons is t s of th ree components: the outgo­

ing surface radiat ion, L s the reflected a tmospher ic radiat ion, r j 
g 

and, the outgoing a tmospher ic radia t ion, Af , which or ig inates in the 

a i r layer between the surface and the measur ing r ad iome te r . Except­

ing in special ins tances as d i scussed by Funk (I960), this l a t t e r com­

ponent can be d i s r ega rded , since it is re la t ive ly smal l . The reflected 

a tmospher ic radiat ion is also smal l , owing to the low ref lectance of 

the surface to longwave radiat ion. For sur faces which may be slightly 

reflective the inclusion of r in L t tends to par t ia l ly co r r ec t for 
the cor re la ted reduction in L . The re su l t is that Iw t p r i m a r i l y 

g 

r ep re sen t s the surface radiat ion. Correspondingly, the surface t em­

pe ra tu r e , TS, can be m e a s u r e d based on the amount of longwave 

radiant energy leaving the surface by employing the Stefan-Boltzmann 

law: 

TS = ( L t / € d ) 1 / 4 - 273.16, [4] 

where € is the longwave emiss ive ability of the surface (usually 

close to one), and cr is the Stefan-Boltzmann constant. The number 

273. 16 converts TS from degrees Kelvin to the more conventional 

Celsius sca le . 

If the other components in Equation [Z] a r e m e a s u r e d it is seen 

that Lt can conveniently be obtained as a res idua l - The m e a s u r e of 



17 

TS gotten by this technique is useful in the analys is of the soil heat 

flux. It may also be a s ingular ly in teres t ing mic rome teo ro log ica l 

p roper ty , pa r t i cu la r ly in ex t r eme env i ronment s . This r ad iomet r i c 

technique is p r e f e r r e d over contact m e a s u r e m e n t because of the diffi­

culty in positioning t e m p e r a t u r e s e n s o r s in contact with the sur face . 

Soil Heat Flux 

The bas ic equation for heat conduction in the soil can be devel ­

oped using an energy conservat ion considera t ion of an inc remen ta l 

volume of soil (e. g. , van Wijk and de V r i e s , 1963). Since t r ans fe r is 

proceeding no rma l to the surface the applicable express ion of this 

re la t ionship is : 

9G/9z = C O T / 9 t ) , [5] 

where z is the dis tance from the sur face , C is the vo lumet r ic 

heat capaci ty of the soi l , T is the soil t e m p e r a t u r e , and t is t ime-

A solution for the soil heat flux densi ty was obtained from Equa­

tion [5] by Carson (1961) by integrat ing the change in soil heat s torage 

with t ime for smal l i nc remen t s of depth beginning at the surface and 

ending at the point z = 3d, where d is the damping depth of the 

soil . The damping depth is a m e a s u r e of the penet ra t ion of the d iurna l 

t empera tu re wave into the so i l . Damping depths of 8 cm a r e typical 

for pumice soils (Cochran e t a l . , 1967). The in tegra l of Equation [5] 
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can be approximated by 

z = 3d 

G = ) C . ( A T / 2 ) . A z . / A t [ 6 ] 
/ J i i i 

z = 0 

In this equation (AT/2), is the mean t e m p e r a t u r e change a c r o s s 

increment Az. for the ith layer of soil during t ime per iod At-

The mean t e m p e r a t u r e change may be calculated as 

U T / 2 ) . = ( (T f , - T J + ( T . - T . ) ) /2 , [7] 
l t -1 t z t -1 t z 

J . L-> 

in which z and z indicate m e a s u r e m e n t levels at the boundar ies 

of the soil layer inc rement Az.. Steady s ta te is a s sumed when At 

is sufficiently long. 

The volumetr ic heat capacity of each l aye r (C.) mus t be e s t i ­

mated for each layer from soil samples taken at the s i te . The values 

a re computed using the re la t ionship (van Wijk and de V r i e s , 1963) 

C. = x C + x C + x C , [8] 
1 s s w w a a 

x being the volume fraction and C the volumetr ic heat capaci ty , 

respect ive ly , of the soil (s), of the water (w), and of the a i r (a). 

Determinat ions of heat capaci ty and t e m p e r a t u r e mus t conform to the 

water content and horizonation of the soil prof i le . 
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S e n s i b l e and L a t e n t Hea t F l u x e s 

The e v a l u a t i o n s of t h e s e n s i b l e h e a t flux d e n s i t y , H, and the 

l a t en t h e a t f lux d e n s i t y , \ E , a r e m o r e i nvo lved than the m e a s u r e ­

m e n t of n e t r a d i a t i o n or so i l h e a t f lux b e c a u s e the m e c h a n i s m of 

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

l a t en t h e a t flux r e l a t i o n s h i p s m a y be g r o u p e d t o g e t h e r b e c a u s e both 

a r e c o n v e c t i v e p r o c e s s e s and a r e b e s t c h a r a c t e r i z e d wi th r e s p e c t to 

the t u r b u l e n t a c t i o n of the wind . In the d e v e l o p m e n t of c e r t a i n a n a l y ­

t i c a l m o d e l s tha t c h a r a c t e r i z e t h e s e f l u x e s , it i s u se fu l to c o n s i d e r the 

m o m e n t u m flux d e n s i t y , T . T h e m o m e n t u m flux is a m e a s u r e of the 

k ine t i c e n e r g y i m p a r t e d to the s u r f a c e by the wind , c a u s i n g m i x i n g of 

the a i r . T h e r e f o r e , the i n t e n s i t y of c o n v e c t i v e p r o c e s s e s i s r e l a t e d 

to T . 

The E d d y T r a n s f e r E q u a t i o n s . P h y s i c a l m o d e l s for the v e r t i c a l 

t r a n s f e r of m o m e n t u m , s e n s i b l e h e a t , and l a t e n t h e a t a r e b a s e d upon 

two p r i n c i p a l a s s u m p t i o n s . One i s t h a t the s u r f a c e i s h o m o g e n e o u s , 

wi th the r e s u l t i n g d e v e l o p m e n t of a p r e d i c t a b l e p a t t e r n of a i r f low. 

The o t h e r is tha t the t r a n s f e r r a t e s a r e c o n s t a n t b e t w e e n the s u r f a c e 

and the l e v e l of flux e v a l u a t i o n , m e a n i n g t h a t s t e a d y s t a t e c o n d i t i o n s 

p r e v a i l . The m o d e l s which r e s u l t a r e known a s the "eddy t r a n s f e r 1 1 

e q u a t i o n s , b e c a u s e t r a n s f e r i s e f fec ted l a r g e l y by the eddy ing m o t i o n 

of the a i r in t u r b u l e n t f low. T h e s e e q u a t i o n s a r e w e l l known. The 
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forms used in this investigation a r e : 

and 

T = pK M (9u /8z) , [9] 

H = pC K [ 8 ( T + r z ) / 8 z ] , [10] 
p H a 

\ E = ( p \ € / p ) K v ( 9 e / 8 z ) . [ l l ] 

In these equations the facility with which t r ans fe r may be accompl ished 

is r ep re sen ted by the eddy diffusivities of momentum, heat , and vapor , 

and a r e shown as K_., KTT, and K, r , r espec t ive ly , while u, T.,, 
M H V r J d 

and e a re the hor izonta l windspeed, d ry-bu lb or a i r t e m p e r a t u r e , 

and vapor p r e s s u r e of water in the a i r . The ve r t i ca l gradients of 

these p rope r t i e s a r e m e a s u r e s of the tendency for t r ans fe r to proceed, 

and es tabl ish the d i rec t ion of the t r ans fe r . Constants a r e : the densi ty 

of the a i r , p; the specific heat of the a i r , C ; the adiabatic lapse 

r a t e (0. 0001 ° C /cm) , T; the latent heat of vapor izat ion, \; the ra t io 

of the molecular weight of water to that of a i r , €; and the atmospheric 

p r e s s u r e , p . These equations were der ived for steady state condi­

t ions, so mean values of the p rope r t i e s must be used, with the effect 

of momenta ry fluctuations removed . 

The Bowen Ratio Model. Equations [9], [10], and [ l l ] a r e not 

readi ly applied as wr i t ten since each contains an undefined eddy dif-

fusivity t e r m . They a re genera l ly applied in combination with other 
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known relationships. The most widely used combination relationship 

is attributed to Bowen (1926) and is formed by the ratio of Equation 

[10] with Equation [ l l ] , defining the "Bowen ratio, !F ( 3 : 

pC pOiT.+rzi/az c p a(i\+rz) 
6 =iL = E H d = _£_ r d 1 f , 
M \K p\€Kv(8e/8z) \e l de J L J 

The similarity of the eddy diffusivities as well as of the behavior of 

the gradients is implied by the elimination of these terms in the final 

form of the Bowen ratio. This is a widely accepted assumption. 

Solutions for H and \E can now be obtained by substituting 

Equation [12] into the energy budget equation (Equation [l] ). These 

solutions take the form, 

H = -(Q*+G)(3/((3+l), [13] 

and 

\E = -(Q*+G)/(f3+l). [14] 

The Bowen ratio has the advantage that windspeed measurements 

are not required. It is important to note, however, that a solution for 

H independently of KE, or vice versa, is not possible. 

The Aerodynamic Model. By employing the concept of a mixing 

length to effect transfer of an entity in turbulent flow Prandtl (1952) 

developed another relationship, besides Equation [9], for momentum 

transfer to rough surfaces: 
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T = p k 2 z 2 O u / 9 z ) 2 . [15] 

In t h i s r e l a t i o n s h i p k is an e m p i r i c a l c o n s t a n t d e t e r m i n e d f r o m 

e x p e r i m e n t to b e 0. 4 . T h e eddy d i f fus iv i ty for m o m e n t u m in E q u a t i o n 

[9] i s thus def ined a s 

K - k 2 z 2 O u / 9 z ) , [16] 

which can be s e e n to v a r y with the w i n d s p e e d g r a d i e n t . 

E q u a t i o n [15] is s t r i c t l y a p p l i c a b l e on ly at t i m e s when s e n s i b l e 

h e a t t r a n s f e r is n e g l i g i b l e . It h a s n o n e t h e l e s s p r o v e n to be a use fu l 

f i r s t a p p r o x i m a t i o n in e s t i m a t i n g t r a n s f e r b e c a u s e of the d o m i n a n c e of 

the wind in the t r a n s f e r p r o c e s s e s . T h e c o n c e p t is a p p l i e d in c o m b i ­

na t ion with the o t h e r t r a n s f e r e q u a t i o n s . 

E l i m i n a t i n g T b e t w e e n E q u a t i o n [9] and [15] and then f o r m i n g 

t h e i r r a t i o with E q u a t i o n [ l 0 ] p r o v i d e s a r e l a t i o n s h i p for s e n s i b l e h e a t 

t r a n s f e r : 

H = Pc k2z20(TJ+rz)/az)Ou/az)(KTT/KAj . [17] 
p d H M 

The c o r r e s p o n d i n g r e l a t i o n s h i p for l a t e n t h e a t t r a n s f e r i s : 

XE = ( p \ € / p ) k 2 z 2 O e / a z X 9 u / a z ) ( K v / K M ) . [18] 

Al though t h e s e r e l a t i o n s h i p s s t i l l c o n t a i n the eddy d i f fus iv i ty 

t e r m s it h a s s o m e t i m e s b e e n a s s u m e d that K T / K , = Kr/K^r = 1. 
H M V M 

B a s e d on th i s a s s u m p t i o n , E q u a t i o n [18] is e s s e n t i a l l y equa l to the 
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e v a p o r a t i o n f o r m u l a f i r s t p r o p o s e d by T h o r n t h w a i t e and H o l z m a n 

(1939). H o w e v e r , it h a s long b e e n r e c o g n i z e d tha t eddy d i f fus iv i ty 

r a t i o s involving K a r e s e l d o m equa l to un i ty . The s t a b i l i t y of the 

a t m o s p h e r e is i m p o r t a n t h e r e . 

C o r r e c t i o n for A t m o s p h e r i c S t a b i l i t y . The w i n d s p e e d g r a d i e n t , 

a s i n c o r p o r a t e d in E q u a t i o n s [17] and [18] , i n a d e q u a t e l y d e s c r i b e s the 

i n t e n s i t y of the t r a n s f e r p r o c e s s in the p r e s e n c e of a s e n s i b l e h e a t flux 

( P a n o f s k y , 1963). T h i s i n a d e q u a c y i s b r o u g h t about by the p r e v a i l i n g 

t e m p e r a t u r e g r a d i e n t n e a r the s u r f a c e (Deacon , 1949)- When th i s 

t e m p e r a t u r e g r a d i e n t is a w a y f r o m a h o r i z o n t a l s u r f a c e , i. e. , the 

t e m p e r a t u r e d e c r e a s e s wi th d i s t a n c e u p w a r d , the s u r f a c e a i r l a y e r 

t ends to be u n s t a b l e due to b u o y a n c y . U n d e r t h e s e c o n d i t i o n s e n e r g y 

(or m a s s ) t r a n s f e r i s e n h a n c e d by v e r t i c a l a i r m o v e m e n t s which a r e 

not r e p r e s e n t e d in the m e a s u r e m e n t of h o r i z o n t a l w i n d s p e e d , and thus 

not a s s e s s a b l e f r o m i t . The o p p o s i t e cond i t ion is p r o d u c e d when the 

t e m p e r a t u r e i n c r e a s e s wi th d i s t a n c e f r o m the s u r f a c e , wi th the s u p ­

p r e s s i o n of the t u r b u l e n t t r a n s f e r a s the m o r e s t a b l e a i r r e s t r i c t s 

mix ing in the l a y e r n e a r the s u r f a c e . 

A u g m e n t i n g th i s ef fec t , and in p r a c t i c e i n s e p a r a b l e f r o m i t , i s 

the p r e f e r r e d c i r c u m s t a n c e for h e a t o r v a p o r t r a n s f e r r e l a t i v e to 

m o m e n t u m t r a n s f e r in the p r e s e n c e of a t e m p e r a t u r e g r a d i e n t 

( P r i e s t l e y and Swinbank , 1947). T h i s would i n d i c a t e tha t the r a t i o s 



24 

K / K and K /K (see Equations [17] and [18] ) probably vary 

with a tmospher ic s tabi l i ty . Apparent ly , the value of this ra t io is not 

always unity even when heat flux is negligible (Ellison, 1957). 

Panofsky (1965) has shown the ra t io to become at l eas t as l a rge as 3 

with increas ing instabi l i ty . 

Clear ly , a co r rec t ion for s tabi l i ty is requ i red before Equations 

[17] and [18] a r e useful e s t i m a t o r s of the flux dens i t ies of H and XE. 

For tunate ly , the re is cons iderable evidence to suggest that K^ is 

equal to K (Dyer, 1967; Swinbank and Dyer, 1967; Denmead and 

Mcllroy, 1970), which would indicate that a single co r rec t ion function 

would serve for e s t ima te s of both H and \ E . 

Dimensional analys is has provided the Richardson number , Ri , 

(Richardson, 1920) as the appropr ia te cor re la t ing p a r a m e t e r to which 

the effects of a tmospher i c stabil i ty over hor izonta l sur faces can be 

re la ted (Batchelor , 1953). The Richardson number is given by 

Ri = (g/e )(8(T\+rz) /az)/Ou/az)2 [19] 
a a 

where g is the gravi ta t ional acce le ra t ion and 0 is the average 
a 

potential t empe ra tu r e of the air l aye r . 

Cor rec t ion t e r m s proposed in the l i t e r a t u r e ( e .g . Dyer , 1967; 

Paulson, 1970) have commonly been of the form 

4> - (1 -aRi ) 7 , [20] 
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where 4> can be in te rpre ted as including a co r rec t ion for the wind-

speed gradient as well as for the eddy diffusivity r a t io , K/K . 
M 

Values of the constants a and y have var ied widely, depending 

upon the par t icu la r exper imenta l or theore t ica l c r i t e r i a . It is appar ­

ent in Equation [20] that no co r rec t ion is requi red when Ri = 0, that 

i s , when there is no sensible heat flux. F u r t h e r , the co r rec t ion t e r m 

becomes ze ro when Ri = 1/a , implying a c r i t i ca l s tabi l i ty beyond 

which turbulent mechan i sms (Equations [9] and [16] ) may no longer 

be applicable (Ellison, 1957). 

Because of the wide range of values which may be taken by the 

constants in Equation [20] it is not possible to se lec t a formulat ion 

without some means of ca l ibra t ion . In some studies this has been 

done through the aid of an independent m e a s u r e of H taking the 

form 

4> = H/pC k2z2(a(T\+rz)/az)Ou/ax). [21] 
p d 

An analogous co r rec t ion form for \ E can be developed if independent 

es t imates of \K a r e available f rom, say, a l y s i m e t e r . 

For this study it was n e c e s s a r y to adopt some other m e a n s of 

determining the stabil i ty co r rec t ion formulat ion, since no independent 

m e a s u r e m e n t of H or \ E could be obtained. To do this let 

Equation [ l ] be wr i t ten as a defining equation for 4>: 

Q* + G + <|>H + 4>\E = 0 , [22] 
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in which H and XE a re understood to be the uncor rec ted , a e r o ­

dynamic e s t ima tes of the sensible and latent heat flux dens i t i e s , 

respec t ive ly (Equations [17] and [18]; K __/K_, = K. . /K. . = 1). By 
r l -M. V JVl 

solving this equation for <\> and cor re la t ing with Ri over a range 

of conditions the r equ i red values for the constants in Equation [20] can 

be obtained. This solution is in many r e s p e c t s equivalent to the 

Bowen ra t io solution. H e r e , however , it s e r v e s as a means of de r i v ­

ing an appropr ia te co r rec t ion function which can la te r be used with an 

aerodynamic model to e s t ima te sensible heat flux independently of 

vapor p r e s s u r e m e a s u r e m e n t s . This is an advantage because of the 

difficulty in obtaining continuous, a ccu ra t e vapor p r e s s u r e m e a s u r e ­

men t s . 

Boundary Layer R e s t r i c t i o n s . At some dis tance f rom the s u r ­

face the pa t te rn of a i r flow begins to be influenced by adjacent s u r ­

faces , in addition to the underlying sur face . The region between this 

level and the surface is called the boundary l a y e r . To be r e p r e s e n t a ­

tive of a specific surface it is n e c e s s a r y that flux evaluations be made 

from m e a s u r e m e n t s which have been r e s t r i c t e d to the boundary l a y e r . 

It is usual ly a s sumed that the boundary layer exceeds the level 

of the ins t rumenta t ion , s ince its th ickness is commonly found to be in 

the range of from 20 to 200 m e t e r s for many su r f aces . However, this 

may not always be a valid assumpt ion and can be t es ted . Using the 

flux densi ty of momentum as a c r i t e r i a for es t imat ing the thickness of 
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the turbulent boundary l aye r , h, Lumley and Panofsky (1964) have 

derived the re la t ionship 

h = 2 0 0 0 T [23] 

Recalling the dependency of T upon windspeed (Equation [19] ) it is 

seen that h will be sma l l e s t dur ing light winds. This re la t ionship 

can thus be used to in t e rp re t the r ep re sen ta t i venes s of the m e a s u r e ­

ments during these t i m e s . Due to stabil i ty effects it should be noted 

that Equation [9] will underes t ima te T when the surface is w a r m e r 

than the a i r , and will tend to ove re s t ima t e T when the surface is 

colder . 

The pat tern of a i r flow also changes nea r the surface because of 

obstruct ions to the flow the r e . As a r e su l t it is n e c e s s a r y to r e s t r i c t 

m e a s u r e m e n t s to unaffected l eve l s . The point at which the a i r flow is 

disrupted can be de te rmined by the following p rocedu re , which begins 

by writing Equation [15] for the windspeed gradient : 

dxi/dz = ( T / p ) 1 / 2 / k z . [24] 

Throughout the boundary layer the steady state value of T will be 

constant, and p and k a r e a s sumed constant . It is then apparent 

that as z is made smal l , nea r the sur face , that 3u/3z becomes 

l a rge , and would become inde te rmina te should z r each z = 0. 

This does not happen due to surface roughness . Solving Equation [24] 
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for u p red ic t s a logar i thmic pa t t e rn to the windspeed dis t r ibut ion: 

u = [ ( T / p ) 1 / 2 / k ] l n z + c. [25] 

Using observat ional data and plotting In z as a function of u the 

constant c in this equation is found at the in tercept where u = 0. 

The value of this in tercept (c) is known as the roughness length, 

z , and is a c h a r a c t e r i s t i c of the roughness e lements on the sur face . 

Depending on the dis t r ibut ion and s ize of the roughness e lements 

their effect on the windspeed gradient can be uniform, or they can p r o ­

duce flow per turba t ions to the extent that local gradients can be p r o ­

duced in the di rect ion of the flow, pa ra l l e l to the sur face . C o r r e s ­

pondingly, it is well to r e s t r i c t ins t rumenta t ion to d i s tances well 

beyond the roughness length. When the surface is of uniform rough­

ness Lettau (1959) r ecommends that m e a s u r e m e n t s should be no 

c loser than 5z . If the roughness e lements a r e widely d i spe r sed 

Tanner (1963) sugges ts that it may be n e c e s s a r y to employ spat ia l 

averages for m e a s u r e m e n t s as c lose as 5z . At g r e a t e r d i s tances 

the pat tern of the flow becomes m o r e r egu la r and p red ic tab le , how­

ever . 

The roughness length will probably not be of c r i t i ca l significance 

in placing ins t rument s at the pumice sur face . Typical values for 

mown g r a s s and other comparab le sur faces a r e on the o rde r of 

0.1 <_ ZQ < 1 cm (Sel lers , 1965), far l e s s than the c loses t level of 



instrumentat ion used he re (20 cm). However, the roughness length is 

a diagnostic cha rac te r i s t i c of the surface. It also has an effect on 

boundary layer thickness . 

Summary 

This chapter has reviewed the fundamentals of energy budget 

micrometeorology as it re la tes to the pumice surface. The pumice 

surface has been defined as an energy conserving sys tem, the p r inc i ­

pal energy components have been identified, and the governing 

micrometeorological relat ionships have been put forth to serve as the 

bas is for the analysis of the energy budget. 
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III. EXPERIMENTAL METHODS 

Two factors governed the select ion of a pumice d e s e r t site for 

this investigation. F i r s t , considera t ion was given to s i t e s where 

ea r l i e r r e s e a r c h had been conducted re la t ing to the problem of fores t 

regenera t ion . The site se lec ted for this study was included among 

those repor ted on by Wagg and Hermann (1962), and Hermann (1968, 

1970). Second, considera t ion was given to the avoidance of theore t ica l 

l imi ta t ions in mic rometeo ro log ica l analys is as might be imposed by 

insufficient size and uniformity of the sur face . The pumice surface 

employed for this study sa t i s f ies these r e q u i r e m e n t s . 

The methods of data collection and handling employed for this 

investigation reflect cu r r en t p rac t i ce in energy budget m i c r o m e t e o r o l -

ogy. The p r i m a r y objective of these methods was to provide data for 

energy budget ana lyses based upon the re la t ionships detai led in the 

previous chapter . The methods cons idered h e r e a r e concerned not 

only with field data acquisi t ion and ins t rumenta t ion but also with the 

evaluation of the adequacy of the m e a s u r e m e n t s , the choice of an 

incrementa l t ime period for the ana lys i s , and the suitabil i ty of the 

data for ana lys is by the proposed re la t ionsh ips . 

Site Descr ip t ion 

The pumice site se lec ted for this study is located near Pine 
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Mountain, 55 k i lome te r s southeast of Bend, Oregon. It is approxi ­

mately 43°44' nor th lat i tude by 120° 53 ' west longitude and at an e leva­

tion of 1500 m e t e r s above sea level. The region as a whole is a r id , 

receiving perhaps 33 cm of prec ip i ta t ion annually (Hermann, 1968), 

p r ima r i l y in winter as snow (Sternes , 1969). S u m m e r s a re c h a r a c ­

te r ized by many success ive days of c lear sk ie s . There is no per iod 

which could be r ega rded as frost free (Cochran, 1969). 

This pumice d e s e r t is nea r the l imi t of the pine fo res t s that 

cha rac t e r i ze the eas t e rn s lopes of the Cascade Mountain Range. Sage­

b rush becomes the dominant vegetation further to the eas t . This 

de se r t opening is surrounded by a lodgepole pine (Pinus contorta 

Dougl. ) fores t having a smal l propor t ion of ponderosa pine (P. 

ponderosa Laws . ). The a r e a was logged for ponderosa pine in the 

1920's (Wagg and Hermann, 1962). Some of the skid t r a i l s and roads 

made at that t ime a r e visible in the p e r i m e t e r of the d e s e r t (Figure 1). 

The pumice surface is nea r ly b a r r e n , supporting l e s s than about 5 

percent coverage of low-growing subshrubs , forbs and g r a s s e s . The 

vegetative composit ion is s imi la r to the pumice d e s e r t studied by 

Horn (1968). 

The surface m a t e r i a l on the pumice d e s e r t was probably 

deposited as par t of the Newber ry lava s e r i e s , ave rages 71 cm in 

th ickness , and is perhaps only 2, 000 yea r s of age (Youngberg and 

Dryness , 1964). Underlaying this m a t e r i a l is an older soil of finer 
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Figure 1, Aer ia l photograph of the pumice site taken in June 1954. 
Scale is approximate ly 200 m / c m . Road t rends NW-SE. 
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loamy texture . Since deposition the pumice has apparent ly never been 

vegetated, although the surrounding forest is establ ished on a s imi la r 

surface. 

Relief a c ro s s the pumice dese r t is slight. Prevai l ing winds a re 

from the north, as evidenced by the darker patches of wind sorted 

minera l s that can be seen in Figure 1. The b a r r e n a r ea totals about 

250 hec ta res enclosed by i r r egu la r forest boundar ies . An isolated 

stand of t r e e s and a roadway a r e the only prominent features of the 

landscape within the pumice dese r t . The data collection point is within 

the c i rc le inked on the ae r i a l photograph (Figure 1), and is some 500 

m e t e r s from the isolated stand of t r e e s , which is to the eas t . 

Measuremen t System Descript ion 

Data Acquisition 

The data acquisit ion sys tem employed in this study was developed 

for short t e r m environmental and energy budget r e s e a r c h (Gay, 1971a). 

The system has a high degree of resolut ion and is adaptable to making 

measurements on a wide range of micrometeoro logica l ins t ruments . 

3 / 
The p r imary sys tem components a r e a digital recorder ,— a t h e r m o -

4 / 5 / 
couple reference junction,— and wind regis ters .— These were 

~l 
— Vidar Corporat ion, Mountain View, California. 
4 / 
— Pace Engineering Company, North Hollywood, California. 
5 / 
— C.W. Thornthwaite Assoc ia tes , Centerton, New J e r s e y . 



mounted in an a i r conditioned t r a i l e r , which a lso se rved to t r a n s p o r t 

the mic rometeoro log ica l s e n s o r s , i n s t rumen t suppor t s , cables and 

other assoc ia ted equipment to the s i t e . A propane-fueled genera to r 

provided power in the field. 

The digital r e c o r d e r has s e v e r a l ma in p a r t s : a 100 channel 

scanner ; a clock; a digi tal vo l tmeter ; and, a paper tape punch. At 

in te rva ls commanded by the clock, the var ious s e n s o r s a r e sequen­

tially connected to the vo l tmeter by the scanner for m e a s u r e m e n t and 

convers ion to digital fo rm. The t ime of r e c o r d and the m e a s u r e d 

value of each input in the scan a r e punched on the paper tape. After 

the observat ion per iod the paper tape data is p r o c e s s e d on the OSU 

computer . 

The thermocouple r e fe rence junction provides a t e m p e r a t u r e 

stabilized compar i son for up to 48 copper -cons tan tan thermocouple 

channels . The re fe rence t e m p e r a t u r e is regula ted at 65° C to within 

very close t o l e r a n c e s , making poss ib le p r e c i s e t e m p e r a t u r e m e a s ­

u rements with the digital r e c o r d e r . 

The wind r e g i s t e r s were opera ted s epa ra t e ly f rom the other 

sys tem components and r eco rded photographical ly . Each anemomete r 

revolution was counted on an as soc ia t ed r e g i s t e r to provide a v isual 

indication of wind run . The r e g i s t e r s w e r e photographed at 60 minute 

in tervals and the totals eventual ly t r a n s f e r r e d to c a r d s for computer 

p rocess ing . 
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The micrometeoro log ica l ins t rument a r r a y at the site consisted 

of: three Kipp pyranomete r s (2 for Ki > and 1 inverted for Kf), 

two CSIRO net py r r ad iome te r s (Q*)> one CSIRO pyr rad iome te r 

(obtaining Kl + L t ) , all positioned 100 cm above the surface; five 

soil thermocouples (T) at depths of 1, 2, 5, 10, and 20 cm; one 

mas t for dry-bulb t empera tu re (T ) and vapor p r e s s u r e (e) 
d 

m e a s u r e m e n t s at heights of 20, 40, 80, 160, 240, and 320 cm; and one 

mas t for windspeed (u) m e a s u r e m e n t s at these same leve l s . 

Twenty-four channels of digital r e c o r d e r capacity and six wind r e g i s ­

t e r s were requi red for this number of i n s t rumen t s . 

Figure 2 shows severa l views of the ins t rumenta t ion as it was 

installed at the pumice de se r t s i te . Signal cables leading to the t r a i l e r 

from these ins t ruments were 75 m e t e r s in length. 

Care was taken in the installat ion and operat ion of all the r ad io ­

m e t e r s to a sce r t a in that they were hor izontal and to insure that the 

supporting s t ruc tu re s or other ins t ruments did not obst ruct the viewing 

a rea of the r a d i o m e t e r s . Per iod ic checks were made for dew, f rost , 

dust and internal m o i s t u r e . One of the Kipp py ranomete r s was 

recorded on a s t r ip char t r e c o r d e r and used quali tat ively to evaluate 

the suitability of the prevai l ing weather conditions, p r i m a r i l y the 

cloudiness, for steady state ana lys i s . 



Figure 2. Ins t rumenta t ion at the pumice s i te . 

(a) Close view showing the surface beneath which 
the soil thermocouples a r e bur ied . Connectors 
a r e held f i rm by the board . Thermocouples 
a r e placed under open soil (at left). 

(b) View of p sych rome te r m a s t with 6 levels of 
sampl ing. Air is drawn into nozzle at r ight and 
past the d r y - and wet-bulbs by the fan at left. 
Water r e s e r v o i r is upright sect ion on each 
nozzle . 

(c) View of anemomete r m a s t with 6 levels of 
sampling. The uniformity of the surface is 
evident in this and the above photographs. 

(d) View of the r ad iome te r a r r a y . Two pyrano-
m e t e r s a r e mounted in the white f ixture , one 
being held inver ted. The th ree p y r r a d i o m e t e r s 
extend toward the r ight , with the middle one 
being used for the a l l -wave incoming d e t e r m i ­
nation. 



c d 
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The five soil thermocouples were carefully positioned to c o r r e s ­

pond with the s t ruc tu ra l hor izons in the pumice and with the g rav i ­

me t r i c samples being taken for the de terminat ion of the rmal c h a r a c ­

t e r i s t i c s . Measuremen t s on the shallow (1 cm) thermocouple were 

la ter d i scarded because this ins t rument eventually broke to the surface 

of the soil and was exposed d i rec t ly to solar radiat ion. 

Six levels of d ry bulb and wet bulb t e m p e r a t u r e s were m e a s u r e d 

using the ce ramic wick psychromete r descr ibed in detai l by Gay (1972) 

which is based on the design of Lourance (1967). P s y c h r o m e t e r diffi­

culties were the mos t frequently experienced ins t rumenta l p rob lem, 

as re l iable , continuous m e a s u r e m e n t s of wet bulb t empera tu re a r e 

ext remely hard to obtain. The problems encountered were due not 

only to the normal fouling of wicks with dust , or to a i r bubbles in the 

water , but also to the freezing conditions exper ienced every night on 

the pumice d e s e r t . For tunate ly , it was easy to check for abnormal 

operation of a p sychromete r by examination of data from the six levels 

of measu remen t . Normal ly , there is a smooth change of a tmospher ic 

mois ture p roper t i es with dis tance from the surface . 

Sensitive anemometers— were placed on the same levels as the 

p s y c h r o m e t e r s . Each anemomete r a s sembly was checked for frict ion 

before each collection run and those with the l eas t friction were placed 

— C.W. Thornthwaite Assoc ia t e s , Center ton, New J e r s e y . 
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near the surface where windspeeds a r e l eas t . Again, the regular 

change of windspeed with dis tance from the surface made it easy to 

screen the data to detect ins t rument malfunctions. 

Measu remen t System Pe r fo rmance 

Micrometeorologica l analyses of energy t ransfer requi re p r e ­

cise m e a s u r e m e n t s because significant amounts of energy can be 

exchanged at re la t ively smal l potential d i f ferences . This is pa r t i cu ­

l a r ly true in the a tmosphere where turbulent mixing contr ibutes to the 

t ransfer p r o c e s s . F u r t h e r , as emphasized by Smith (1970), it is 

essent ia l that the invest igator take r igorous precaut ions to insure that 

only high quality data is repor ted or analyzed. 

Recent technological advances in data acquition sys tems make it 

possible to collect field data with p rec i s ions previously obtainable only 

in the l abora to ry . These sys tems also pe rmi t rapid sampling of the 

large instrumentat ion a r r a y s often requi red for mic rometeoro log ica l 

s tudies. Of cour se , data handling and analysis is facili tated by the 

availability of computer ass i s t ed p rocess ing . 

Though there is an e v e r - p r e s e n t possibi l i ty that m e a s u r e m e n t 

e r r o r s will degrade overa l l sys tem per fo rmance , a complete evalua­

tion of sys tem e r r o r s is ve ry difficult. Such an evaluation is 

r e s t r i c t ed by the extent to which sensor integri ty can be verif ied. 

Also, e r r o r s c reep in from improper sensor operat ion or cal ibrat ion, 
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as a resul t of ins t rument in te rac t ions , or because of the physical 

p resence of the s enso r s in the environment . These prob lems mus t be 

considered and minimized through proper design of s e n s o r s and field 

exper imen t s . Despite all prevent ive m e a s u r e s the re will st i l l be 

e r r o r s which cannot be e l iminated. 

It is useful to e s t ima te the l imi ts of m e a s u r e m e n t uncer ta in ty as 

an aid in the in terpre ta t ion of exper imenta l r e s u l t s . This has been 

done h e r e using as guidelines the ins t rument specif icat ions, l abo ra ­

tory tes t r e s u l t s , and re fe rence m e a s u r e m e n t s in the field. The 

method used to obtain these e s t ima te s is explained in detai l in Appen­

dix IV. 

The l imi ts of pe r fo rmance as predic ted by this method for each 

of the p r i m a r y m e a s u r e m e n t s used in this study a re l i s ted in Table 1. 

The l is ted uncer ta in ty of windspeed m e a s u r e m e n t s were not der ived by 

this method. Instead they were developed from a d i scuss ion of anemo­

m e t e r e r r o r s by Hals tead (1957), plus some additional conse rva t i sm 

on the par t of the inves t iga tor . The e r r o r s in windspeed d e t e r m i n a ­

tion are p r i m a r i l y due to the response of the a n e m o m e t e r s , r a the r 

than to the counting of the windspeed pu l se s . 
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T a b l e 1. O v e r a l l s y s t e m p e r f o r m a n c e . 

R e l a t i v e E r r o r 
T y p i c a l V a l u e U n c e r t a i n t y in T y p i c a l V a l u e 

Soil t e m p e r a t u r e , 15° C - 0 . 2 5 4 ° C , ± 0 . 007° C - 1 . 7 % 
D r y bu lb t e m p e r a t u r e , 15°C - 0 . 2 5 4 ° G ± 0 . 0 0 7 * C - 1 . 7 % 
D r y bu lb d i f f e r e n t i a l , 2 . 5 ° C ± 0 . 0 1 0 ° C ± 0 . 4 % 
V a p o r p r e s s u r e , 8 .75 m b - 0 . 1 7 1 m b , ± 0 . 016 m b - 2 . 0 % 
V a p o r d i f f e r e n t i a l , 0. 1 m b ± 0 . 0 2 3 m b ±23% 
Net r a d i a t i o n , 

0 . 5 c a l / q m 2 m i n ± 0 . 0 0 0 1 c a l / c m m i n ± 0 . 0 2 % 
S u r f a c e t e m p e r a t u r e , 

35°C (€ = 1) ± 0 . 10°C ±0 . 3% 
W i n d s p e e d , 200 c m / s e c ±10 c m / s e c ±5% 
W i n d s p e e d d i f f e r e n t i a l , 

100 c m / s e c ±1 c m / s e c ± 1 % 

M e a n V a l u e D e t e r m i n a t i o n 

The m e a s u r e m e n t s e m p l o y e d in t he a n a l y s e s b a s e d on the eddy 

t r a n s f e r e q u a t i o n s shou ld be m e a n v a l u e s r e p r e s e n t i n g s t e a d y s t a t e 

c o n d i t i o n s . The a d e q u a c y of the m e a s u r e m e n t s in r e p r e s e n t i n g the 

d e s i r e d m e a n v a l u e d e p e n d s upon a n u m b e r of f a c t o r s , i nc lud ing the 

v a r i a b i l i t y of the m i c r o m e t e o r o l o g i c a l p r o p e r t y , the r e s p o n s e c h a r a c ­

t e r i s t i c s of the s e n s o r and r e c o r d e r , and the s a m p l i n g s c h e m e 

e m p l o y e d . The d i s c u s s i o n p r e s e n t e d in t h i s s e c t i o n wi l l s u b s t a n t i a t e 

the d i r e c t u s e of the m e a s u r e m e n t s m a d e for t h i s s tudy a s m e a n values* 

S e n s o r R e s p o n s e 

The i n s t a n t a n e o u s va lue of an a t m o s p h e r i c p r o p e r t y c o n s i s t s of a 
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mean value, p r e sumed constant over a shor t t ime period cons idered 

h e r e , and a deviation or fluctuation, which may add or subt rac t from 

the mean value (Webb, 1965). The deviation r e su l t s from the eddying 

motion of the a i r in turbulent flow, and is assoc ia ted with the t r an spo r t 

of a i r pa rce l s whose p rope r t i e s differ f rom those of the mean at the 

level of i n t e re s t . 

If a f a s t - r e sponse sensor is placed in such an environment , i ts 

signal output will va ry a lmost exactly as the p rope r ty being m e a s u r e d . 

The mean value of such a signal could be de te rmined by continuous 

sampling m e a s u r e m e n t and r a t h e r e labora te numer i ca l or e l ec t r i ca l 

integrat ion techniques . In con t ras t , the output of a s low- response 

sensor would revea l l e s s fluctuation, as its slow response essen t ia l ly 

pe r fo rms the des i r ed integrat ion p r o c e s s . As a r e su l t , i ts output 

could be sampled l e s s frequently. The use of a f a s t - r e s p o n s e i n s t ru ­

ment introduces sampling proble ins where mean value de te rmina t ions 

a r e needed. 

Frequency of Samples 

Exper imenta l observa t ions have suggested that the t ime period of 

the major fluctuations in a tmospher i c p rope r t i e s a r e close to 60 s e c ­

onds (van der Hoven, 1957; McBean, 1968). In s i tuat ions where this 

fluctuation appears in the sensor output the sampling ra te would have 

to be rapid enough to desc r ibe the fluctuation mathemat ica l ly in o r d e r 
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to numer ica l ly remove its effect and de te rmine the mean . Shannon 

(1949) has provided sampling guidelines which indicate that under these 

c i r cums tances a sampling r a t e of at l ea s t 30 seconds would be 

requi red . The number of success ive samples n e c e s s a r y to achieve an 

es t imate of the mean would depend upon the actual magnitude of the 

fluctuations in re la t ion to the des i r ed p rec i s ion of the m e a s u r e m e n t . 

Under typical conditions encountered in the a tmosphe re the 

requis i te number of samples may well become prohibi t ive as well as 

being unrea l i s t ic in t e r m s of the length of t ime that a constant mean 

value can be a s sumed . Consider as an example , a mean t e m p e r a t u r e 

of 19.6°C and with the fluctuations having an ampli tude of 1°C. Using 

the s ta t is t ica l p rocedure outlined by Overton (1971), 100 samples of a 

random var iable will be requ i red to obtain a p rec i s ion of 0 .01°C. The 

var iable may exhibit some per iodic i ty , as indicated by van der Hoven 

(1957), but if this is not subject to ma themat i ca l cha rac te r i za t ion , one 

may have to opera te as if the var iab le were random. Under the m e a s ­

urement conditions in this study, 50 minutes might e lapse before 100 

samples were obtained. During this t ime the mean would ce r ta in ly 

have moved m o r e than 0. 01 °C. F a s t r e sponse s e n s o r s r equ i r e m o r e 

frequent, perhaps continuous samples to reduce the e lapsed t ime to a 

period in which the mean is constant . 
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The P s y c h r o m e t e r Response 

The t empe ra tu r e and vapor p r e s s u r e s enso r s employed h e r e 

(Gay, 1972) a r e designed with a re la t ive ly slow response t ime; they 

requi re approximate ly 70 seconds to r each 63% of a new value, which 

is slightly m o r e than the period of the f luctuations. When the ra t io of 

the sensor r e sponse t ime to the per iod of the fluctuations is 70/60 , 

only 10% of the fluctuation magnitude will appear in the sensor output 

signal (Westman, 1956). If the sampling ra t e is random re la t ive to 

the period of the fluctuation, the number of r equ i red samples drops 

d ramat ica l ly . Over ton ' s (1971) technique p red ic t s that in this case 

only one sample is r equ i red to c h a r a c t e r i z e the 19.6°C mean with a 

prec is ion of 0. 01°C. 

The most significant aspec t of this resu l t is that a single m e a s ­

urement may be en t i re ly adequate to de te rmine the mean value of a 

proper ty . F u r t h e r , a s e r i e s of such m e a s u r e m e n t s will p r e c i s e l y 

desc r ibe the changes in that mean and thus permi t the computation of 

an average value of the p rope r ty over t ime . This becomes important 

when energy budget ana lyses a r e based on data that has been smoothed 

by averaging over a t ime period as long as an hour . This will be d i s ­

cussed further in the next sect ion. 

The wind speed m e a s u r e m e n t s have a different bas i s than do the 

t empera tu re and vapor va lues . Because the a n e m o m e t e r s provide a 
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pulse output for each revolut ion the continuous accumulat ion of these 

pulses provides an integrated average wind flow. 

Time Pe r iod of Analysis and Data Averaging 

Three dist inct methods of energy exchange analys is have been 

outlined for the es t imat ion of the fluxes in Equation [ l ] , depending upon 

whether energy t ransfe r was by radiat ion, conduction, o r convection. 

These methods employ re la t ionships of p r o p e r t i e s that may be out of 

phase with the instantaneous values of the f luxes. Fo r example , e s t i ­

m a t e s of soil heat flux based on t e m p e r a t u r e s at va r ious points in the 

soil profile will lag behind the flux taking place at the sur face , because 

of the heat capacity of the soi l . 

Even the p rope r t i e s of the a i r r equ i r e t ime to adjust to changes 

in convective t ransfer at the surface (Dyer, 1963). Radiant t r ans fe r , 

since it employes no medium, has no such lag. As a consequence it is 

n e c e s s a r y to p r o c e s s the data in a way that will min imize the effect of 

such phase d i f ferences . 

Averaging Pe r iods 

The exper ience of o thers has revealed that a good cor re la t ion 

between energy budget components is obtained when flux densi ty analy­

ses a re based on t ime -ave raged values of meteoro log ica l p rope r t i e s 

(Tanner, 1967; Rider and Robinson, 1951). The t ime per iods used 
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often va ry from 1/2 to 1 hour in length. The analyses in this inves t i ­

gation a re based on hour ly averaged m e a s u r e m e n t s . 

The number of m e a s u r e m e n t s needed to de te rmine an average 

depends upon how the p rope r ty is changing. Over a per iod of 1 hour , 

the mean a i r t empe ra tu r e or m e a n vapor p r e s s u r e m a y undergo com­

plex changes, depending upon the uniformity of the prevai l ing condi­

t ions, while the soil t e m p e r a t u r e m a y change slowly and smoothly. 

More m e a s u r e m e n t s would be r equ i red to compute a p r e c i s e average 

in the a i r than in the soil . These samples can be sa t i s fac tor i ly 

obtained by repeated m e a s u r e m e n t s at i n t e rva l s , providing that the 

in terval length in each case depends upon the var iab i l i ty of the p rop­

er ty . 

Numer ica l Integrat ion 

It is usual ly convenient, for data collecting pu rposes , to e s t a b ­

l ish r egu la r , per iodic m e a s u r e m e n t s as was done h e r e . However , if 

the interval between samples v a r i e s , it is no longer possible to employ 

simple a v e r a g e s . Instead, a method which weights the m e a s u r e m e n t s 

according to the t ime in terval they r e p r e s e n t , called t rapezoidal in te­

grat ion, has been selected for this invest igat ion. The ave rage hour ly 

mean, y, of a p rope r ty is computed as 

60 , ^ 6 0 

J y d t / J d t ' ^28a-' y 
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This can be approximated by 

y - < I / 2 ) [ < Y 0 ^ I ^ 

[28b] 

or, if the interval length is constant, by 

i=n-l 

y - At(y0+yn+2 ^ y.) / 120. [28c] 

i=l 

The approximation becomes bet ter and bet ter as the t ime in te r ­

val At d e c r e a s e s . The daytime interval was usually 5 minutes and 

the nighttime interval 10 minutes . Since windspeed data is collected 

as an integral , no further averaging procedure was applied to it. 

Gradient Approximation and Similar i ty 

The successful application of the aerodynamic t ransfer models 

depends upon the accura te mathemat ica l charac te r iza t ion of the g rad i ­

ents (derivatives) of windspeed, t empera tu re and vapor p r e s s u r e with 

distance from the exchange surface . Numerous invest igators have 

repor ted l inear changes of these p roper t i e s with the logar i thm of d i s ­

tance from the surface (Webb, 1965). For computational purposes it 

has thus become common prac t ice to approximate a gradient by 

8y7az - ( y 1 - y 2 ) / ( z 1 2 2 ) 1 / 2 l n ( z 1 / Z 2 ) [29] 
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where y is the average value of the p rope r ty at d is tance z (after 

Panofsky, 1965), 9y/3z being assoc ia ted with mean d is tance , 

1/2 
z = (z .z-J . This form has been adopted for the ana lyses (see 

m 1 2 

Appendix III). 

A profile plot of the log of the d i s t ance to the surface agains t the 

p roper ty is often made as an aid in the visual izat ion of these gradients 

and as an indication of how well they a r e r ep re sen t ed by Equation [29]. 

F igu re s 3, 4 and 5 a r e typical prof i les of the data from this study. It 

is not intended to infer the interdependency o£ dis tance and the property 

from these plots . They m e r e l y indicate their re la t ionship at a par t icu­

lar t ime, since the gradient is functionally dependent upon the ra te of 

energy t ransfer from the surface to the a t m o s p h e r e . 

The examination of log profi les of the p r o p e r t i e s is helpful in the 

select ion of those levels bes t suited for ana lys i s . Ins t rument levels 

which exhibit depa r tu r e s from the genera l t rend of values a re suspect 

and should probably be d i sca rded in the ana lys i s . This is an important 

advantage that can be obtained by measu r ing at 3 or m o r e l eve l s . 

Some inves t iga tors (Morgan et al . , 197 1) have employed s ta t i s t i ca l 

fitting p rocedures to calculate g rad ien t s , ce r ta in ly a des i r ab le 

approach in some ins t ances . However , even when it is poss ible to 

sys temat ica l ly remove or rep lace bad data, the re a r e flux divergence 

and profile adjustment p rob lems assoc ia ted with gradient d e t e r m i n a ­

tions (Dyer, 1963). These prob lems de t rac t f rom the usefulness of 
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JDO.O 500. C 200.0 300.0 400.0 
WIND SPEED IN CM PER SEC 

Figure 3. A r ep resen ta t ive midday windspeed profile f rom the 
pumice s i te . This plot used the hour ly averaged data 
for hour 13 on 4 Sep 1969. 
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Figure 4. A r ep resen ta t ive midday t e m p e r a t u r e profile from the 
pumice s i te . This plot was made from hour ly averaged 
data for hour 13 on 4 Sep 1969. 
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'^P^P, PRESSURE IN MILLIBARS 

Figure 5. A represen ta t ive midday vapor p r e s s u r e profile from the 
pumice s i t e . This plot v/as made from hour ly averaged 
data for hour 13 on 4 Sep 1969. 
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the f i t ted g r a d i e n t s . In add i t ion , o t h e r i n f luences such a s s t a b i l i t y , 

b e c o m e m o r e i m p o r t a n t a s the l e v e l s of the m e a s u r e m e n t s b e c o m e 

m o r e wide ly s p a c e d . The s t a t e of k n o w l e d g e in t u r b u l e n t t r a n s f e r is 

s t i l l too i n c o m p l e t e to a c c o u n t for p ro f i l e d i s t o r t i o n f r o m t h e s e c a s e s . 

A n o t h e r v a l u a b l e t e c h n i q u e for e x a m i n i n g da t a is p lo t t ing c o r ­

r e s p o n d i n g l e v e l s of two p r o p e r t i e s a g a i n s t e ach o t h e r ( T a n n e r , 1963). 

T h i s t e chn ique i n d i c a t e s the d e g r e e to which the c h a n g e in e a c h p r o p ­

e r t y is s i m i l a r to the o t h e r wi th d i s t a n c e f r o m the s u r f a c e . A s t r a i g h t 

l ine r e l a t i o n s h i p b e t w e e n two p r o p e r t i e s i n d i c a t e s that the t r a n s f e r 

coeff ic ient for t h e m is the s a m e , e . g . , K = K . 

The s i m i l a r i t y t e s t is v e r y usefu l in ident i fy ing the t i m e s when 

th is equa l i t y h o l d s . The t e s t i s v e r y helpful in deve lop ing Bowen r a t i o 

a n a l y s e s . In o t h e r a n a l y s e s , when e q u a l i t y b e t w e e n the t u r b u l e n t 

t r a n s f e r coef f ic ien t s i s not a s s u m e d , o r K 4 K , the s i m i l a r i t y 
ri Jvl 

t e s t i s t h e o r e t i c a l l y not a s usefu l s i n c e a d j u s t m e n t for th i s i s often 

inc luded in the s t a b i l i t y c o r r e c t i o n . H o w e v e r , e x p e r i e n c e h a s shown 

tha t the s i m i l a r i t y t e s t is m o r e s e n s i t i v e than log p ro f i l e p lo t s for 

de t ec t i ng ma l func t i on ing i n s t r u m e n t s . 

App l i ca t i on of t h i s s i m i l a r i t y t e s t to the p u m i c e d e s e r t d a t a is 

p r o v i d e d in F i g u r e 6. An e r r o r in p s y c h r o m e t r i c d a t a i s ev iden t at 

the s econd l e v e l for h o u r s 0, 1, and 8, 23 , and 24 on the t e m p e r a t u r e 

and vapor p r e s s u r e p lo t . The effect of s t a b i l i t y i s p o s s i b l y exh ib i t ed 

on the t e m p e r a t u r e and w i n d s p e e d p lo t b e t w e e n l e v e l s 1 and 2 in the 



Figure Relative s imi la r i ty of proper t ies at successive levels from the pumice surface. Level 
nea res t surface is plotted on the center l ine. Plots begin at hour 0 and proceed through 
the day to hour 23 for Sep 1969, as shown, using hourly averaged data. Coordinates 
a re computed by difference of the value at each level from the value at the f irs t level . 

Un 
5N> 
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ea r ly morning. The r e v e r s a l in the t e m p e r a t u r e gradient at hour 9 

was t raced to ins t rument difficult ies. Other i r r e g u l a r i t i e s a r e evident, 

but their in te rpre ta t ion is not so readi ly made . One must also con­

s ider the uncer ta in ty of the m e a s u r e m e n t s , which a r e roughly indicated 

by the size of the m a r k used to plot each data point. 

If a s t ra ight line can be fitted, then the re is no d i s s i m i l a r i t y for 

p rac t i ca l pu rposes . On the bas i s of the s imi l a r i t y evident in F igure 6, 

ins t rument levels 2, 3, 4, 5, or 6 can be se lected for the ana lys is of 

data taken on 4 September 1969. This same technique was used to 

se lect the best ins t rumement levels on the other days of m e a s u r e m e n t . 

Summary 

This chapter has deal t with the methods used in this study to 

collect and p r o c e s s data for the mic rometeo ro log ica l analys is of the 

energy budget of a pumice sur face . The site of the invest igat ion has 

been descr ibed , as has the data acquisi t ion and ins t rumenta t ion s y s ­

tem. The per fo rmance of that sys t em and the suitabil i ty of the data 

for analysis have been evaluated. 
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IV. ENERGY BUDGET RESULTS 

An e n e r g y b u d g e t a n a l y s i s for t h e p u m i c e d e s e r t h a s b e e n c o m ­

p le t ed on an h o u r l y b a s i s fo r t h r e e d a y s d u r i n g the s u m m e r of 1969, 

us ing a c o m b i n a t i o n of the f u n d a m e n t a l m i c r o m e t e o r o l o g i c a l r e l a t i o n ­

sh ips se t out in C h a p t e r II, and the e x p e r i m e n t a l m e t h o d s d i s c u s s e d 

in C h a p t e r III . B e f o r e p r e s e n t i n g t h e s e r e s u l t s it w i l l be he lpfu l to 

show how t h i s c o m b i n a t i o n of t h e o r y and p r a c t i c e h a s l ed to the 

spec i f i c a n a l y s i s u s e d h e r e . 

F i r s t , c o n s i d e r a t i o n of the a d e q u a c y of the e n e r g y budge t c o m ­

ponen t e v a l u a t i o n wi l l show tha t c e r t a i n r e l a t i o n s h i p s , o r m o d e l s , 

should be g iven p r e f e r e n c e b e c a u s e of the p r e v a i l i n g m i c r o m e t e o r o ­

l o g i c a l cond i t i ons and d a t a a c q u i s i t i o n s y s t e m p e r f o r m a n c e wh i l e at 

the p u m i c e s i t e . The p r e f e r r e d r e l a t i o n s h i p s m u s t t hen be a d a p t e d to 

t h e s e c o n d i t i o n s . F i n a l l y , the r e s u l t s of t h e e n e r g y b u d g e t a n a l y s i s 

wi l l be p r e s e n t e d in the f o r m of h o u r l y and d a i l y c o m p o n e n t evaluat ions. 

A d i s c u s s i o n of t h e s e c o m p o n e n t s w i l l show s e a s o n a l v a r i a t i o n s 

in the e n e r g y b u d g e t . C h a r a c t e r i s t i c s of the p u m i c e s u r f a c e wh ich 

p l ay i m p o r t a n t r o l e s in the p a r t i t i o n i n g of e n e r g y into i t s c o m p o n e n t 

p a r t s wi l l b e c o m e e v i d e n t . T h e s e c h a r a c t e r i s t i c s a r e i m p o r t a n t in the 

m i c r o m e t e o r o l o g i c a l i n t e r p r e t a t i o n of t h e r e s u l t s , and h a v e i m p l i c a ­

t ions to f o r e s t r y in t e r m s of the p o s s i b l e m o d i f i c a t i o n of the m i c r o ­

c l i m a t e . 
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The data upon which the ana lyses a r e based a r e compiled in 

Appendix II. The analyt ical equations used a r e given in Appendix III. 

They a r e based upon the theore t ica l cons idera t ions of Chapter II and 

by the exper imenta l conditions d i scussed in Chapter III and in this 

chapter . 

The Uncerta inty of Component Evaluat ion 

The uncer ta inty assoc ia ted with the evaluation of each energy 

budget component has been examined by extension of the method used 

e a r l i e r to a s s e s s overa l l m e a s u r e m e n t sys tem per fo rmance (see 

Table 1). Basical ly , this method begins with the e lementa l m e a s u r e ­

ment e r r o r s and cons iders their effect at each success ive step in the 

flux evaluation p r o c e s s . The method can become quite involved, 

since some of the flux evaluations r e q u i r e numerous m e a s u r e m e n t s of 

var ious kinds, which in turn may be combined in complex ways . 

Details of this method, with examples , can be found in Appendix IV. 

E s t i m a t e s of the average uncer ta in ty a s soc ia t ed with the evalua­

tion of each of the energy budget components as de te rmined by this 

method a r e p resen ted in Table 2. These es t i ina tes ref lect not only the 

per formance of the data acquisi t ion sys t em but a lso the genera l na tu re 

of mic rometeoro log ica l conditions encountered at the pumice s i te . 

These uncer ta in t ies would not n e c e s s a r i l y be applicable to other s i tua­

tions, pa r t i cu la r ly with r e g a r d to the models used for the evaluation of 
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the s e n s i b l e h e a t f lux, H, and the l a t e n t h e a t f lux, XE. F o r t h e s e 

m o d e l s the p r e v a i l i n g t e m p e r a t u r e , v a p o r p r e s s u r e , and w i n d s p e e d 

g r a d i e n t s h a v e a m a r k e d effect on the u n c e r t a i n t y f i g u r e . F o r e x a m ­

p l e , a m o i s t s u r f a c e would p r o b a b l y i n c r e a s e the u n c e r t a i n t y a s s o c i ­

a t ed wi th H and d e c r e a s e tha t a s s o c i a t e d wi th XE. In o t h e r w o r d s , 

for s u r f a c e s h a v i n g d i f f e r en t c h a r a c t e r i s t i c m a g n i t u d e s of the e n e r g y 

budge t c o m p o n e n t s , one shou ld a n t i c i p a t e d i f f e r e n t r e l a t i v e u n c e r t a i n ­

t i e s a s s o c i a t e d wi th t h e i r e v a l u a t i o n . T h u s , the s m a l l r e l a t i v e u n c e r ­

t a i n t y of the s e n s i b l e h e a t c o m p o n e n t a t the p u m i c e s u r f a c e i s , in 

p a r t , the c o n s e q u e n c e of the p r e d o m i n a n c e of t h i s m o d e of e n e r g y 

t r a n s f e r t h e r e . 

Tab l e 2. A v e r a g e u n c e r t a i n t y of flux d e n s i t y e v a l u a t i o n . 

Bowen R a t i o M o d e l A e r o d y n a m i c M o d e l 
6 Q * / Q * 6G/G 6H/H 6XE /XE 5H /H 6XE/XE 

< 1 % <5% 9% 30% 3% 25% 

As T a b l e 2 s h o w s , the r e l a t i v e u n c e r t a i n t i e s of the l a t e n t h e a t 

flux e v a l u a t i o n s a r e l a r g e s t by both the Bowen r a t i o and the a e r o d y ­

n a m i c m o d e l s . The u n c e r t a i n t i e s of the ne t r a d i a t i o n and s o i l h e a t 

flux e v a l u a t i o n s a r e n e g l i g i b l e b y c o m p a r i s o n . T h o s e for s e n s i b l e h e a t 

flux a r e s m a l l o r m o d e r a t e . B e f o r e c o m p a r i n g the Bowen r a t i o m o d e l 

wi th the a e r o d y n a m i c m o d e l it shou ld be e m p h a s i z e d tha t the r e l a t i v e 

m e r i t s of t h e s e m o d e l s , a s i n d i c a t e d b y the t a b u l a r v a l u e s , invo lve 
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on ly t h e i r p e r f o r m a n c e a t t he p u m i c e s i t e , and shou ld not b e i n t e r ­

p r e t e d a s m e a n i n g t ha t o n e m o d e l i s t h e o r e t i c a l l y b e t t e r t han the 

o t h e r s . 

In c o m p a r i n g m o d e l s , it i s s e e n tha t the u n c e r t a i n t y in e v a l u a t i n g 

the s e n s i b l e h e a t t r a n s f e r , H, b y the Bowen r a t i o m o d e l is not a s 

low a s by the a e r o d y n a m i c m o d e l . T h i s i s t r a c e a b l e to the d e p e n d e n c y 

of the Bowen r a t i o e v a l u a t i o n on the d e t e r m i n a t i o n of the v a p o r p r e s ­

s u r e g r a d i e n t , which h a s a l a r g e u n c e r t a i n t y a s s o c i a t e d wi th i t . 

F o r t u n a t e l y , the s t e e p a i r t e m p e r a t u r e g r a d i e n t s , wi th wh ich t h e r e is 

an a s s o c i a t e d low u n c e r t a i n t y , h a v e the ef fect of r e s t r i c t i n g the u n c e r ­

t a i n t y of the s e n s i b l e h e a t f lux e v a l u a t i o n to n e a r l y the s a m e u n c e r ­

t a i n t y a s the a c c o m p a n y i n g t e m p e r a t u r e g r a d i e n t in both m o d e l s a s 

d i s c u s s e d in Append ix IV. 

As no t ed above , d i r e c t e v a l u a t i o n of the l a t e n t h e a t f lux by the 

Bowen r a t i o o r the a e r o d y n a m i c m o d e l is s u b j e c t to the l a r g e s t u n c e r ­

t a in ty of a l l the e n e r g y budge t c o m p o n e n t s . T h u s , an i m p r o v e m e n t 

in the l a t e n t h e a t f lux e v a l u a t i o n r e s u l t s f r o m the u s e of E q u a t i o n [ l ] , 

which is r e w r i t t e n to g iven \ E a s a r e s i d u a l : 

\ E = - (Q*+G+H). [ l ] 

F a r l e s s u n c e r t a i n t y (-10%) can be o b t a i n e d in t h i s way than b y o t h e r 

m e a n s , u n d e r the c o n d i t i o n s of t h i s s t udy . T h e m a i n r e q u i r e m e n t i s , 

of c o u r s e , tha t a l l o t h e r e n e r g y budge t c o m p o n e n t s h a v e b e e n 
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sat is factor i ly accounted for. Evaluation by res idua l r a the r than from 

micrometeoro log ica l m e a s u r e m e n t s , was the approach adopted for the 

latent heat flux component. 

The Stabil i ty Cor rec t ion Function 

Calculation of XE as a res idua l r e q u i r e s the use of an a e r o ­

dynamic model , Equation [18], for the evaluation of the sensible heat 

t r ans fe r , H. The stabil i ty cor rec t ion requ i red for this model was 

developed for this si te according to Equation [22]. The requ i red co r ­

rec t ion, <\>, was developed as a function of the Richardson number 

(Ri) over a range of a tmospher ic s t ab i l i t i e s . Fifty-two hour ly analy­

s e s , covering the stabi l i ty range -0 .01 < Ri < -10, a r e plotted on 

Figure 7. The stabil i ty cor rec t ion function which bes t fits these 

points is drawn on the figure; it has the formula: 

4 = ( l - 3 4 R i ) ° ' 5 5 . [30] 

This express ion is based on XE evaluations which have been 

shown to have a poss ib le uncer ta in ty of 25%. Thus objections can be 

ra i sed , but compar i sons to co r rec t ion functions proposed e l sewhere 

tend to indicate that Equation [30] is of acceptable form. For example , 

P ru i t t and Lourence (1966) developed a stabil i ty co r rec t ion function to 

make their uncor rec ted aerodynamic e s t ima t e s of \K fit the inde­

pendent m e a s u r e m e n t of XE obtained from a l y s i m e t e r . Their 
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(f> = (1-34R1) 
0.55 

Richardson Number 

7. A stabili ty cor rec t ion function fitted to analyses from the pumice site data. 
vX5 



function is plotted in F igure 8; it c losely pa ra l l e l s Equation [30], and 

has the formula 

<f> = ( l - 5 0 R i ) ° ' 5 [31] 

This co r rec t ion function was also developed over a wide range of 

s tabi l i t ies . 

Other formulat ions of the co r rec t ion function in the l i t e r a t u r e 

a re not in such close ag reemen t . Rare ly , however , have other 

inves t iga tors encountered so wide a range of s tab i l i t i es . Two other 

proposed formulat ions a r e drawn on F igure 8 for compar i son with the 

express ion developed h e r e . These appeared in r e p o r t s by Panofsky 

etsl. (1960) and by Webb (1970): 

<(> - ( l - 5 R i ) 2 , [32] 

and 

4 = ( l - 18Ri ) °* 5 [33] 

Significant d e p a r t u r e s between these four co r rec t ion functions appear 

when | R i | becomes l a r g e r than -0 . 1. However, the s imi l a r i t y 

between Equation [3 l ] and Equation [30] confirms that Equation [30] 

can be used to c o r r e c t for stabil i ty in the evaluation of sensible heat 

t r ans fe r . 

At night and at o ther t imes when the a i r t e m p e r a t u r e i nc r ea se s 

with dis tance from the surface the Richardson number becomes 



Richardson Number * "~1U 

Figure 8. Comparison of the stabili ty cor rec t ion function developed for the pumice si te , 
[((> = (l-34Ri)0- " ] , to other forms appearing in the l i t e r a tu re . o 
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posi t ive . It is an advantage to modify Equation [30] to handle both 

c a s e s . Under the stable conditions found with Ri > 0, turbulence 

decays and may actual ly cease (Ellison, 1957). In this case , Equation 

[15], the bas ic turbulent t ransfer re la t ionship , may not apply for 

evaluating energy t r a n s f e r s . The reduct ion in turbulence is a lso 

accompanied by a reduced ra te of energy t r ans fe r to the a i r , since 

molecula r diffusion is l e s s effective than is convection in the t r ans fe r 

of energy . It has become a common procedure e l sewhere (Holzman, 

1943; Pru i t t and Lourence , 1966) to modify the cor rec t ion function to 

apply to stable (+Ri) cases by r e v e r s i n g the signs on both the coef­

ficient of Ri and the exponent. The corresponding cor rec t ion func­

tion utilized in this investigation for these ca ses is 

<|> = (l + 3 4 R i ) " 0 , 5 5 . [34] 

While this p rocedure is somewhat con t r a ry to theory, it is felt that the 

net effect on component evaluation is probably minor because it is 

applied only at t imes when sensible and the latent heat fluxes a r e quite 

smal l . Exper ience has shown that at night, during t imes of +Ri, the 

net radiat ion, Q*, is often balanced by the soil heat flux, G. This 

does not mean an absence of any sensible (H) or latent (XE) 

exchange but does suggest that their effect on the budget may cancel . 
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Hourly and Daily Component Evaluation 

Days of Analysis 

Data were collected at the pumice si te during th ree expeditions in 

the summer of 1969. During these t imes the re was no precipi ta t ion. 

Three days , 17 July, 13 August and 4 September , were selected for 

energy budget analyses out of the total of nine days spent at the s i te . 

The other days were not analyzed because of var ious ins t rumenta l 

difficulties or weather p r o b l e m s . It was further n e c e s s a r y to in te rpo­

late the analyses of sensible and latent heat for the hours f rom 1 to 6 

on 13 August, because of inoperat ion of the a i r t empe ra tu r e sys t em. 

Sensible heat flux for these hours is genera l ly l e s s than 2% of the mid­

day r a t e , so this interpolat ion adds only a smal l additional uncer ta inty 

in the overa l l energy budget of that day. 

Analytical P r o c e d u r e 

Since many possible avenues of ana lys is have been d i scussed , it 

seems appropr ia te to explicit ly review the p rocedure employed. In 

its final form, the analytical p rocedure consis ted of four bas ic s t eps , 

summar ized as follows: 

1. The net radia t ion flux densi ty, Q*, is computed for each 

sampled in terval and t ime averaged, giving the average p e r -

minute r a t e for the hour . 
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2. The pe r -minu te r a t e of the soil heat flux densi ty , G, is 

computed from t i m e - a v e r a g e d surface and soil t e m p e r a t u r e s . 

3. The profiles of the t ime averaged windspeed and a i r t e m p e r a ­

ture a r e examined together with the s imi l a r i t y plot of wind-

speed ve r sus a i r t e m p e r a t u r e . F r o m this examination a 

quali tat ive evaluation is made of the ins t rument levels most 

sui table for ana lys i s . The Richardson number is de te rmined 

for the chosen levels and an appropr ia te co r rec t ion applied to 

the uncor rec t ed aerodynamic e s t ima te of sensible heat flux 

densi ty for the same two l eve l s . The r e su l t is the average 

pe r -minu te r a t e for the hour . 

4. The negative of the a lgebra ic sum of s teps 1, 2, and 3 is the 

res idua l value of the latent heat flux densi ty , XE, for the 

hour , expressed as a pe r -minu te r a t e . 

The analyt ical equations used for these computat ions a r e given 

in Appendix III. 

Tabulation of Resu l t s 

Tables 3, 4, and 5 l is t the energy budget r e su l t s by hour ly p e r ­

iods for the three days analyzed. These r e su l t s a r e also plotted as 

F igures 9, 10, and 11 for convenience in the following d iscuss ion of 

component r e la t ionsh ips . Table 6 s u m m a r i z e s the daily energy budget 

by comparing the in tegral values of the components as they change 
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Table 3. Pumice surface energy budget by hour and day for 17 July 
1969. Ins t rument leve ls : 80 and 320 cm. 

Q* G H \ E 
2 2 2 2 

Hour (ca l / cm min) ( ca l / cm min) ( ca l / cm min) ( ca l / cm min) 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

23 

24 

-0.0902 

-0.0850 

-0.0809 

-0.0771 

-0.0711 

-0.0324 

.0486 

. 1831 

.3093 

.4281 

.5204 

. 5940 

.6268 

.6199 

. 5 864 

.5078 

.4083 

.2669 

. 1135 

-0.0510 

-0.1116 

-0.1070 

-0.1031 

-0.0966 

.0642 

. 0944 

.0885 

.0870 

. 0805 

.0526 

-0.0157 

-0.0889 

-0.1569 

-0.1915 

-0. 1990 

-0.1877 

-0.1641 

-0.1367 

-0.0857 

-0.0357 

.0127 

.0560 

.0918 

. 1177 

. 1231 

. 1051 

.0915 

.0778 

.0221 

. 0085 

.0133 

.0016 

.0029 

.0017 

-0.0466 

-0.0927 

-0.1400 

-0.2034 

-0.2379 

-0.3801 

-0.3730 

-0.4169 

-0.4327 

-0.4051 

-0.3107 

-0.2238 

-0.0877 

. 0121 

. 0268 

.0532 

.0251 

.0236 

. 0039 

-0.0179 

-0.0209 

-0.0116 

-0.0123 

-0.0218 

.0137 

-0.0014 

-0.0124 

-0.0333 

-0.0835 

-0.0262 

-0.0898 

-0.0664 

-0.0680 

-0.0670 

-0.1103 

-0.0992 

-0.1176 

-0.1524 

-0.0383 

-0.0512 

-0.0135 

-0.0048 

( c a l / c m 2 d a y ) 25 8 -7 -197 - 5 4 
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T a b l e 4 . P u m i c e s u r f a c e e n e r g y budge t by h o u r and d a y for 13 Augus t 
1969. I n s t r u m e n t l e v e l s : 20 and 320 c m . 

Q * G H 1 XE 1 

2 2 2 2 
H o u r ( c a l / c m m i n ) ( c a l / c m m i n ) ( c a l / c m m i n ) ( c a l / c m m i n ) 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

23 

24 

-0.0649 

-0.0621 

-0.0588 

-0.0572 

-0.0556 

-0.0489 

.0037 

. 1640 

.3179 

.4570 

. 5425 

.5821 

.5950 

.5681 

.5052 

.4066 

.3005 

. 1525 

-0.0315 

-0.0987 

-0.0958 

-0.0789 

-0.0758 

-0.0703 

.0416 

.0542 

.0505 

.0520 

.0470 

.0419 

-0.0417 

-0.0832 

-0.1036 

-0.0902 

-0.1154 

-0.1230 

-0.1072 

-0.0927 

-0.0721 

-0.0717 

-0.0224 

-0.0064 

. 0440 

.0704 

.0768 

.0852 

.0699 

.0657 

.0017 

.0141 

.0034 

.0112 

.0161 

. 0240 

-0.0320 

-0.0791 

-0.1788 

-0.3531 

-0.4309 

-0.4184 

-0.4253 

-0.4137 

-0.4088 

-0.3094 

-0.2526 

-0.1288 

-0.0035 

.0263 

.0139 

.0139 

.0162 

.0073 

.0216 

-0.0062 

. 0049 

-0.0060 

-0.0075 

-0.0170 

.0700 

-0.0016 

-0.0355 

-0.0137 

.0038 

-0.0407 

-0.0625 

-0.0617 

-0.0244 

-0.0255 

-0.0255 

-0.0173 

-0.0090 

. 0020 

. 0050 

-0.0202 

-0.0103 

-0.0027 

( , c a l / c m 2 d a y ) 22 8 -14 -197 -JJ_ 

V a l u e s of H and X.E a r e i n t e r p o l a t e d for h o u r s 1 t h r o u g h 6. 
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Table 5. Pumice surface energy budget by hour and day for 4 Septem­
ber 1969. Ins t rument leve ls : 40 and 240 cm. 

Q* G H \E 
2 2 2 2 

Hour ( ca l / cm min) ( c a l / c m min) ( c a l / c m min) ( ca l / cm min) 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

23 

24 

-0.0723 

-0.0695 

-0.0667 

-0.0649 

-0.0577 

-0.0452 

-0.0100 

. 1223 

. 2505 

.4803 

.4977 

. 5566 

.5961 

. 5645 

.4914 

.3959 

. 2571 

.0897 

-0.0722 

-0. 1250 

-0.1145 

-0.0988 

-0.0900 

-0.0811 

.0555 

. 0718 

.0630 

.0631 

.0556 

. 0440 

.0000 

-0.0655 

-0.1022 

-0. 1114 

-0.1019 

-0. 1118 

-0.1000 

-0.0962 

-0.0776 

-0.0359 

. 0002 

.0240 

.0679 

.0895 

.0808 

.0971 

.0126 

.0340 

. 0011 

.0047 

. 0017 

. 0034 

.0041 

.0040 

-0.0079 

-0.0298 

-0.0866 

-0.2336 

-0.3798 

-0.4447 

-0.5228 

-0.4587 

-0.3712 

-0. 3483 

-0.2341 

-0.1010 

. 0087 

.0162 

. 0337 

. 0080 

.0695 

.0301 

.0156 

-0.0070 

. 0020 

-0.0016 

-0.0020 

.0028 

.0179 

-0.0270 

-0.0618 

-0.0352 

-0.0159 

-0.0001 

.0266 

-0.0096 

-0.0425 

-0.0117 

-0.0232 

-0.0127 

-0.0044 

. 0193 

-0.0000 

-0.0063 

.0078 

.0170 

(ca l /cm 2 day) 194 -2 -180 -11 



TIME IN HOURS 

Figure 9. Pa t t e rn of energy budget components at the pumice site during 17 July 1969. Net 
radiation (Q*) is indicated by x; soil heat flux (G) by +; sensible heat flux (H) by f; 
and latent heat flux (\E) by J. 



TIME IN HOURS 

Figure 10. Pa t t e rn of energy budget components at the pumice site during 13 August 1969. Net 
radiation (Q*) is indicated by x; soil heat flux (G) by +; sensible heat flux (H) by t; 
and latent heat flux (XE) by I. 



TIME IN HOURS 

Figure 11. Pa t t e rn of energy budget components at the pumice site during 4 September 1969. 
Net radiat ion (Q*) is indicated by x; soil heat flux (G) by +; sensible heat flux (H) 
by f; and latent heat flux (XE) by i. 

o 
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258 
-7 

-197 
- 5 4 

228 
-14 

-197 
-17 

194 
- 2 

-180 
-11 

from ea r ly to late s u m m e r . 

Table 6. Daily in tegra ls of the energy budget components . 

17 Jul 13 Aug 4 Sep 
1969 1969 1969 

Net radia t ion, Q* 
Soil heat flux, G 
Sensible heat , H 
Latent heat , \ E ? 

Equivalent evaporat ion, c m / d a y 0.092 0.029 0 .018 
1 • ~ 

Tabular values in c a l / c m day, except as noted, 
2 

Latent heat convers ion based on the average t e m p e r a t u r e at the 
2 cm depth in the soil , giving nominal values of 5 86, 5 86 and 
592 ca l / cm^ of water evaporated, respec t ive ly . 

Net Radiation 

The Pa t t e rn and Magnitude of Net Radiat ion. As shown in F i g ­

u res 9, 10, and 11 the pa t te rn of net radiat ion at the pumice surface 

was ve ry regula r for each of the three days . Minimum net radia t ion 

occurs soon after sunset , and the value then i n c r e a s e s gradual ly 

through the night until sun r i s e , when it begins to r i s e rapidly . The 

maximum is reached near solar noon, about 1300 hours local t ime . 

The smoothness and s y m m e t r y of these curves is indicative of the 

prevail ing c lear skies at the s i te . The seasonal changes in the net 

radiat ion evident in the tables is a t t r ibuted to the seasonal reduct ion in 

the maximum zenith angle of the sun. A shift is also evident from the 

figures in the t ime when the curve c r o s s e s between posit ive and 
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negative flux values near sunr i se and sunset , and the max imum net 

radia t ion p rogress ive ly decl ines from 0.63 ca lo r i e s per square cen t i ­

m e t e r per minutes in July, to 0. 59 ca lo r i e s per square cent imeter per 

minute in September . The re is a cor responding drop in the daily total , 

or i n t e r g r a l , value of net radia t ion for the sur face , as l i s ted in 

Table 6. 

The net radiat ion energy t r ans fe r to the surface for any hourly 

per iod is r ep resen ted by the a r e a between the curve and the ax i s . 

Over each 24 hour per iod it can be seen that the net radia t ion is p r e ­

dominantly posi t ive, i. e. , toward the sur face , so that it const i tutes an 

energy source for the days studied. On 17 July 1969 the in tegral value 

of the net radiat ion was 258 ca lo r i e s per square cen t imete r per day. 

The values for 13 August 1969 and 4 September 1969 a r e 228 and 194 

ca lo r ies per square cent imeter per day, r e spec t ive ly . 

Albedo. The close cor respondence between net radia t ion and the 

daily course of the sun i l lus t ra tes the dependency of net radia t ion upon 

the avai labi l i ty of solar energy. However, the net radia t ion also 

depends upon the absorpt ive and emiss ive c h a r a c t e r i s t i c s of the su r ­

face. For example , in mid-August 1969 m e a s u r e m e n t s of net r ad i a ­

tion over a nearby lodgepole fores t supplied with essen t ia l ly identical 

solar radiat ion showed a max imum flux of 0.97 ca lo r i e s per square 

cent imeter per minute at noon, and an in tegra l value of 3 85 ca lo r ies 

per square cen t imete r per day (Gay, 1971b). In mid-August of 1971 
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m e a s u r e m e n t s of net radiat ion over the m a r s h at Malheur Lake d e t e r ­

mined the maximum flux to be 0.94 ca lo r i e s per square cen t imete r 

per minute , with an integral value of 334 ca lo r ies per square cent i ­

me te r pe r day (Gay and Holbo, 1971). While this compar i son is 

incomplete it is c lear that the total radiant energy rece ived by the 

pumice surface is not l imited by avai labi l i ty of solar radia t ion over 

Central Oregon, but by surface c h a r a c t e r i s t i c s . 

The albedo, or re la t ive ref lect ivi ty of the surface to so la r 

energy, is the surface c h a r a c t e r i s t i c governing the disposi t ion of solar 

energy. The m e a s u r e m e n t of net radiat ion does not desc r ibe this 

c h a r a c t e r i s t i c , and additional m e a s u r e m e n t s were util ized (Equation 

[3] ). The albedo of the pumice surface d e c r e a s e d slightly from 24% 

in July to 22% in September , probably because of the change in the 

zenith angle. Compared to other d e s e r t su r faces , this is fa i r ly typical 

(Sel lers , 1965). However, the albedo of the pumice surface is m o r e 

than twice as l a r g e as the 9% albedos m e a s u r e d over the lodgepole 

forest or the m a r s h . 

These con t ra s t s in albedo a r e emphas ized because the e s t ab l i sh ­

ment of fo res t s on the pumice surface would be accompanied by a 

change in this c h a r a c t e r i s t i c to a lower value. Whether or not this is 

requi red for the regenera t ion of fores t is open for compara t ive exami ­

nation at a l a t e r t ime . The obvious resu l t of a lower albedo would be 

grea te r amounts of energy t rans fe r to the surface from the sun. With 
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no other changes, this would lead to g r e a t e r surface t e m p e r a t u r e s 

than a r e now exper ienced . Under na tura l c i r cums tances the lower 

albedos a r e brought about by changes in other surface c h a r a c t e r i s t i c s 

as well , which tend to act toward modera t ing surface t e m p e r a t u r e s . 

F o r e s t r egenera t ion p rac t i ce would need to consider the overa l l effect 

of these inf luences. However, in so doing it would be recommended 

that an energy flow approach to taken, so that surface influences 

might be desc r ibed quantitatively. 

Soil Heat Flux 

The P a t t e r n and Magnitude of Soil Heat Flux. In F igure 9, 10, 

and 11 the pa t te rn of the soil heat flux can be seen to be fa i r ly regular 

for the three days of the study. Minima a r e achieved in the la te m o r n ­

ing hours and max ima in the late evening. This is out of phase with 

net radia t ion. This phase difference is due to the lag of deeper soil 

t empe ra tu r e s behind surface t e m p e r a t u r e . The e x t r e m e r a t e s coincide 

with per iods exhibiting the g rea tes t net change in mean t e m p e r a t u r e in 

the soil prof i le , which a r e in the morning and evening. 

F r o m the f igures it is unclear whether the soil is a source or a 

sink of energy to the surface , since the posit ive a r e a approximate ly 

balances the negative a r e a . The daily in tegra l values l i s ted at the 

bottom of Tables 3, 4, and 5 or in Table 6 show that the soil is an 

energy sink. The soil heat flux removed 7 ca lo r i e s per square 
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c e n t i m e t e r p e r d a y f r o m the s u r f a c e on 17 J u l y , 14 c a l o r i e s p e r s q u a r e 

c e n t i m e t e r p e r d a y on 13 A u g u s t , and 2 c a l o r i e s p e r s q u a r e c e n t i ­

m e t e r p e r day on 4 S e p t e m b e r . R e l a t i v e to the a m o u n t of e n e r g y s u p ­

p l i ed b y ne t r a d i a t i o n to the s u r f a c e on t h e s e d a y s the l o s s e s w e r e 3%, 

6%, and 1%, r e s p e c t i v e l y . 

V o l u m e t r i c H e a t C a p a c i t y of the P u m i c e So i l . T h e v o l u m e t r i c 

h e a t c a p a c i t y , C , of e a c h l a y e r of the p u m i c e s o i l w e r e o b t a i n e d for 

7 / i m p l e m e n t a t i o n of E q u a t i o n [6] to d e t e r m i n e the so i l h e a t flux.— 

Ca lcu la t ed v a l u e s i nc lude the c o n t r i b u t i o n of w a t e r in the so i l p r o f i l e . 

T a b l e 7 l i s t s the C. v a l u e s b y i n c r e m e n t f r o m the s u r f a c e . 
I
 J 

T a b l e 7. V o l u m e t r i c h e a t c a p a c i t i e s for the p u m i c e so i l p r o f i l e . 

17 J u l y 1969 13 A u g u s t 1969 4 S e p t e m b e r 1969 
Dep th 7 

3 3 
c m c a l / ° C c m c a l / ° C c m c a l / ° C c m 

0- 2 0. 1684 0. 1673 0. 1680 
2 - 5 0 . 4 4 5 5 0. 1673 0. 1683 
5-10 0 . 4 4 0 0 0 . 3 5 9 5 0 . 4 3 9 2 

10-20 0 . 4 4 0 0 0 . 4 0 0 8 0 . 3 9 3 2 

The c h a n g e s at e a c h l e v e l a r e due to s e a s o n a l c h a n g e s in w a t e r 

con t en t . The t o t a l w a t e r in the top 20 c m of p u m i c e so i l d r o p p e d 

s t e a d i l y f r o m 5. 51 c m on 17 J u l y , to 4 . 09 c m on 13 A u g u s t , and to 

3. 93 c m by 4 S e p t e m b e r 1969. 

7 / 
— P e r s o n a l c o m m u n i c a t i o n : D r . P . H . C o c h r a n , USFS S i lv icu l ­

t u r e L a b o r a t o r y , Bend , O r e g o n . 
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Surface and Soil T e m p e r a t u r e Regime- The impor tance of soil 

t empera tu re as a factor in plant es tabl ishment is well documented in 

the l i t e ra tu re (Vaartaja, 1954; Army and Hudspeth, I960; T u r n e r , 

1965; Silen, I960). The detai led soil t e m p e r a t u r e m e a s u r e m e n t s made 

at the pumice site for the purpose of evaluating the soil heat flux a r e 

m o r e eas i ly in te rpre ted from an environmental standpoint if they a re 

plotted as t empera tu re profi les at hourly mte-rvals. Such a s e r i e s of 

plots conveniently de sc r ibe s the daily course of t e m p e r a t u r e with 

depth. Surface and soil t e m p e r a t u r e s for the three days of the study 

a r e summar ized in F igu re s 12, 13, and 14. 

The most notable feature of these observa t ions is the range of 

surface t e m p e r a t u r e , spanning near ly 50° C on each day. On 4 Sep­

t ember 1969 not only does the surface t e m p e r a t u r e go below 0°C, but 

the t e m p e r a t u r e at 2 cm from the surface is a lso below 0°C for m o r e 

than 8 h o u r s . In cont ras t , t e m p e r a t u r e s at high as 35° C a r e common 

at this s ame depth, during the two ea r l i e r days of observat ion . It is 

in teres t ing to note that sma l l e r plants nea r the site were observed to 

position their roots s t r i c t ly at d is tances in the neighborhood of 5 cm 

from the sur face . 

The plots verify the anticipated damping depth of the so i l s , 

showing approximate ly 2°C var ia t ion, or 5% of the surface t e m p e r a ­

ture ampli tude, at the 20 cm level . 
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Figure 12. Soil t e m p e r a t u r e profi les during 17 July 1969 at the 
pumice s i te . Hour of r eco rd indicated near each profi le . 



78 

in 

Z 

a 
x 
LJ 
Q 

JO.Q 20.0. 30.a 
SBIL TEMPERATURE: m DEGREES CELSIUS 

40. G 

Figure 13. Soil t e m p e r a t u r e profi les during 13 August 1969 at the 
pumice s i te . Hour of r eco rd indicated near each profi le . 
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Figure 14. Soil t empera tu re profi les during 4 September 1969 at the 
pumice s i te . Hour of r eco rd indicated near each prof i le . 
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S e n s i b l e H e a t F l u x 

The P a t t e r n and M a g n i t u d e of the S e n s i b l e H e a t F l u x . The p a t ­

t e r n of the s e n s i b l e h e a t f lux, H, i s s o m e w h a t i r r e g u l a r in F i g u r e s 

9, 10, and 11 , a c h i e v i n g l a r g e n e g a t i v e v a l u e s n e a r m i d d a y , d e p e n d i n g 

upon both the t e m p e r a t u r e and the w i n d s p e e d g r a d i e n t s . The v a l u e s 

a r e d i r e c t e d t o w a r d the s u r f a c e (pos i t ive ) a t n igh t , bu t t h e y r e m a i n 

s m a l l e x c e p t when s t r o n g w i n d s o c c u r in the e v e n i n g . On the w h o l e , 

s e n s i b l e h e a t flux r e m o v e s e n e r g y f r o m the s u r f a c e . In f a c t , it i s 

p r e d o m i n a n t a m o n g the e n e r g y b u d g e t c o m p o n e n t s at the p u m i c e s i t e 

in t h i s r o l e . The d a i l y i n t e g r a l s g iven in T a b l e s 3 , 4 , and 5, o r in 

T a b l e 6 a r e a l l l a r g e and n e g a t i v e . F o r 17 J u l y 1969 the s e n s i b l e h e a t 

flux r e m o v e d 197 c a l o r i e s p e r s q u a r e c e n t i m e t e r p e r d a y . L o s s e s for 

13 Augus t and 4 S e p t e m b e r w e r e 197 and 180 c a l o r i e s p e r s q u a r e 

c e n t i m e t e r p e r day , r e s p e c t i v e l y . In t e r m s of the e n e r g y s u p p l i e d to 

the s u r f a c e b y ne t r a d i a t i o n , the r e l a t i v e a m o u n t of e n e r g y d i s s i p a t e d 

by the s e n s i b l e h e a t f lux on t h e s e t h r e e d a y s w a s 76%, 86%, and 93%. 

The p e r c e n t a g e a m o u n t i n c r e a s e d a s t h e s u m m e r w a n e d and so i l 

m o i s t u r e d e c l i n e d . 

The R o u g h n e s s L e n g t h at the P u m i c e S i t e . The r o u g h n e s s 

l e n g t h , z , i s c o m p a r a b l e to the a lbedo and the v o l u m e t r i c h e a t 

c a p a c i t y in tha t a l l t h r e e a r e s u r f a c e c h a r a c t e r i s t i c s which can be 

r e g a r d e d a s i ndependen t of the p r e v a i l i n g m i c r o m e t e o r o l o g i c a l 



81 

condit ions. Rough sur faces tend to slow windspeeds near them and 

thus inc rease windspeed grad ien t s . As a r e su l t , the facili ty for 

energy t ransfer by turbulence is inc reased in propor t ion to the rough­

ness length of the surface . 

The roughness length of the pumice surface was de te rmined 

through the application of Equation [25], using windspeed m e a s u r e ­

ments during per iods when t e m p e r a t u r e gradients were sma l l . A 

value of 0. 38 ± 0. 03 cen t ime te r s was obtained, and a co r re la t ion coef­

ficient of 0. 99 was indicative of the m e r i t of this f igure . The smal l 

value is close to values r epor ted for other s imi la r su r faces , as sum­

mar i zed by Se l le r s (1965). 

For the pumice surface , which d i s s ipa tes such a significant 

propor t ion of its energy by sensible heat , it is in te res t ing to postulate 

the effect of inc reased roughness on the m i c r o c l i m a t e , a ssuming that 

the other surface c h a r a c t e r i s t i c s r ema in unchanged. Because of 

compensating effects between t empera tu re and windspeed gradien ts 

the propor t ion of sens ib le heat flux could r e m a i n much the s a m e , but 

proceed at reduced surface t e m p e r a t u r e e x t r e m e s . This would be a 

des i rab le effect. If the deep soil t e m p e r a t u r e is about the s a m e , the 

daily in tegra l soil heat flux may r ema in much the s a m e , although the 

reduced surface t e m p e r a t u r e ampli tude may reduce the magnitude of 

this flux at any given t ime . An inc r ea se in net radiat ion would resu l t 

in the daylight hours because of the lower surface t e m p e r a t u r e s , 
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which wi l l p r o b a b l y not be offset by n i g h t t i m e l o s s e s , g iv ing m o r e 

e n e r g y to the s u r f a c e . 

The T h i c k n e s s of the S u r f a c e B o u n d a r y L a y e r . C o n c e r n wi th t he 

t h i c k n e s s of the b o u n d a r y l a y e r , h , i s r e l a t e d to the m e a s u r e m e n t 

l e v e l s u s e d for flux a n a l y s i s . T h e u n i f o r m i t y of the p u m i c e s u r f a c e 

s a t i s f i e s m o s t m i c r o m e t e o r o l o g i c a l r e s e r v a t i o n s abou t the s i t e . H o w ­

e v e r , the s m o o t h n e s s of the s u r f a c e m a y r e s u l t in a s h a l l o w b o u n d a r y 

l a y e r , i n v a l i d a t i n g c e r t a i n m e a s u r e m e n t l e v e l s . F o r t u n a t e l y it i s 

p o s s i b l e to e v a l u a t e t h i s cond i t i on e x p e r i m e n t a l l y . 

A c c o r d i n g to E q u a t i o n [23] the p r a c t i c a l l i m i t of t he b o u n d a r y 

l a y e r i s 2000 t i m e s the s u r f a c e flux d e n s i t y of m o m e n t u m , u s i n g t y p i ­

ca l v a l u e s of a t m o s p h e r i c c h a r a c t e r i s t i c s . S ince the m o m e n t u m flux 

v a r i e s wi th the w i n d s p e e d it i s c l e a r that the b o u n d a r y l a y e r m u s t v a r y 

c o r r e s p o n d i n g l y . W i n d s p e e d m e a s u r e m e n t s do not r e f l e c t t he inf lu­

e n c e of the t e m p e r a t u r e g r a d i e n t on m o m e n t u m t r a n s f e r , s i n c e the 

t e m p e r a t u r e g r a d i e n t m a y a c t to e n h a n c e o r s u p p r e s s the t r a n s f e r of 

m o m e n t u m . T h u s , in the a p p l i c a t i o n of E q u a t i o n [23 ] , a l l o w a n c e m u s t 

be m a d e for c o n s e r v a t i v e m o m e n t u m flux e s t i m a t e s in the d a y t i m e , 

and e x a g g e r a t e d e s t i m a t e s a t n igh t . T h i s effect h a s b e e n t a k e n into 

a c c o u n t in t h e fo l lowing r e s u l t s . E q u a t i o n [15] w a s u s e d for e s t i m a t e s 

of the m o m e n t u m f lux, s u b s t i t u t i n g z for one l e v e l , t hus e l i m i n a t ­

ing the need for two w i n d s p e e d m e a s u r e m e n t l e v e l s . The 40 c e n t i ­

m e t e r w i n d s p e e d m e a s u r e m e n t s w e r e e m p l o y e d , b e c a u s e t e m p e r a t u r e 



re la ted effects a re minimized when the dis tance to the surface is l e s s 

than one mete r (Webb, 1965). 

The thickness of the boundary layer at the pumice site was found 

to exceed the highest m e a s u r e m e n t levels (320 cm) at all t imes when 

the windspeed at the 40 cent imeter level was g rea te r than 115 cent i­

m e t e r s per second. F r o m the data tabulation (Appendix II) it is seen 

that this condition is met during most daylight hour s . Exceptions to 

this rule have been made for some mid-morn ing hours when instabil i ty 

of the air probably produced a boundary layer thicker than indicated 

by the windspeed m e a s u r e m e n t s . 

There were also t imes when the boundary layer was much l e s s 

than 320 cen t ime te r s . These were most ly in the predawn hou r s . At 

these t imes the indicated boundary layer was only 20 cen t imeters or 

so. Obviously, the evaluation of sensible heat t ransfer made from 

measu remen t s above that level can not adequately r ep re sen t surface 

fluxes. In addition, it is questionable whether t ransfer models devel­

oped on the bas is of turbulence would be applicable when windspeeds 

a re so light. As a resu l t , the magnitude of sensible heat flux e s t i ­

mates at these t imes a r e in e r r o r . For tunately , the energy budget 

during these t imes is ve ry near ly balanced between the net radiat ion 

and the soil heat flux. Also, at these t imes the es t imated sensible 

heat flux is very smal l , so that the overal l effect on the energy budget 

will be smal l , as well . For these reasons no analytical cor rec t ion is 
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a t t e m p t e d for s h a l l o w b o u n d a r y l a y e r c o n d i t i o n s a t the p u m i c e s i t e . 

La t en t H e a t F l u x 

The P a t t e r n and M a g n i t u d e of the L a t e n t H e a t F l u x . In F i g u r e s 

9, 10, and 11 , the m a g n i t u d e of the l a t e n t h e a t f lux, XE, a t the 

p u m i c e s i t e is g e n e r a l l y l e s s than the o t h e r e n e r g y b u d g e t c o m p o n e n t s , 

i nd i ca t i ng i t s m i n o r r o l e in in f luenc ing the m i c r o c l i m a t e . The l a t e n t 

h e a t f lux i s n e a r l y a l w a y s n e g a t i v e e x c e p t i n g at d a w n , w h e n f r o s t of ten 

f o r m s on the s u r f a c e . T h e i r r e g u l a r p a t t e r n of the l a t e n t h e a t flux 

m a y b e due in p a r t to the l u m p e d u n c e r t a i n t y w h i c h t h i s f lux e v a l u a t i o n 

c o n t a i n s . When t h i s i s c o n s i d e r e d m a n y of the p e c u l i a r v a r i a t i o n s c a n 

be s m o o t h e d . 

The i n t e g r a l v a l u e s of the m a g n i t u d e of l a t e n t h e a t f lux l o s s e s 

f r o m the p u m i c e s u r f a c e for 17 J u l y , 13 A u g u s t , and 4 S e p t e m b e r 1969 

a r e 54, 17, and 11 c a l o r i e s p e r s q u a r e c e n t i m e t e r p e r d a y , r e s p e c ­

t ive ly . T h e s e e n e r g y l e v e l s can be c o n v e r t e d to e v a p o r a t i o n e q u i v a ­

l e n t s , as i s shown in T a b l e 6. W a t e r l o s s e s for the t h r e e d a y s would 

be 0. 092, 0. 029 , and 0. 018 c e n t i m e t e r s p e r d a y , in the s a m e o r d e r . 

R e l a t i v e to the a m o u n t of e n e r g y s u p p l i e s to the s u r f a c e by net r a d i a ­

t ion the d i s s i p a t i o n of e n e r g y by e v a p o r a t i o n w a s 2 1 % , 7%, and 6% on 

the t h r e e d a y s of the s t u d y . 
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S u m m a r y 

The e n e r g y budge t of a p u m i c e d e s e r t s u r f a c e h a s b e e n a n a l y z e d 

for t h r e e c l e a r s u m m e r d a y s . The m a i n f e a t u r e s of t h e e n e r g y budge t 

a r e : 1) R e l a t i v e l y low e n e r g y input to t h e s u r f a c e by ne t r a d i a t i o n 

b e c a u s e of the h igh a lbedo ; 2) S izab le h o u r l y r a t e s of so i l h e a t flux 

which a r e , h o w e v e r , insuf f ic ien t to k e e p so i l and s u r f a c e t e m p e r a t u r e s 

f r o m r e a c h i n g e x t r e m e v a l u e s . O v e r t h e c o u r s e of the d a y the so i l 

h e a t flux r e t u r n s a l m o s t a s m u c h e n e r g y to the s u r f a c e a s it r e m o v e s ; 

3) T h e s e n s i b l e h e a t flux r e m o v e s the g r e a t e s t p r o p o r t i o n of the e n e r g y 

supp l i ed to the s u r f a c e by the ne t r a d i a t i o n c o m p o n e n t . T h i s i s 

a c c o m p l i s h e d t h rough l a r g e n e g a t i v e m a g n i t u d e s d u r i n g the day l igh t 

h o u r s . The m a g n i t u d e of the s e n s i b l e hea t flux would p r o b a b l y r e m a i n 

l a r g e even if the s u r f a c e w e r e mod i f i ed to r e d u c e t e m p e r a t u r e 

e x t r e m e s a t the s u r f a c e . 4) The l a t en t h e a t flux h a s a m i n o r effect on 

the s u r f a c e m i c r o c l i m a t e b e c a u s e of i t s s m a l l m a g n i t u d e at any t i m e 

in the d a y . T h i s c o m p o n e n t would be p r o p o r t i o n a t e l y l a r g e r if m o r e 

w a t e r w e r e a v a i l a b l e , a l though even then e n e r g y r e l a t i o n s h i p s in t he 

so i l m a y s u p p r e s s e v a p o r a t i o n in the a b s e n c e of a g r e a t e r a m o u n t of 

l iv ing p lant m a t e r i a l to t r a n s f e r w a t e r into d i r e c t c o n t a c t wi th the a i r . 
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V. CONCLUSIONS 

Thi s s tudy h a s b e e n p r i m a r i l y c o n c e r n e d wi th the e v a l u a t i o n of 

the p r i n c i p a l f luxes of t h e r m a l e n e r g y at the s u r f a c e of a p u m i c e 

d e s e r t . An e n e r g y budge t f r a m e w o r k w a s e m p l o y e d for the s tudy , 

r e s u l t i n g in a d e s c r i p t i o n of the da i ly c o u r s e of t h e s e e n e r g y f l u x e s . 

The c o n c l u s i o n s which can be r e a c h e d on the basis of t h e s e r e s u l t s can 

be g r o u p e d into t h r e e c a t e g o r i e s : 1) the a p p l i c a b i l i t y of m i c r o m e t e ­

o r o l o g i c a l r e l a t i o n s h i p s to the e v a l u a t i o n of e n e r g y budge t c o m p o n e n t s ; 

2) s ign i f i can t f e a t u r e s of the e n e r g y budge t of the p u m i c e d e s e r t ; and , 

3) p o s s i b i l i t i e s for e n v i r o n m e n t a l m o d i f i c a t i o n a t the p u m i c e s u r f a c e . 

The A p p l i c a b i l i t y of M i c r o m e t e o r o l o g i c a l R e l a t i o n s h i p s 

The s u c c e s s f u l a p p l i c a t i o n of the m i c r o m e t e r o l o g i c a l r e l a t i o n ­

sh ips p r o p o s e d in the l i t e r a t u r e d e p e n d s upon the s a t i s f a c t i o n of t h r e e 

c o n d i t i o n s : 1) the r e p r e s e n t a t i v e n e s s of the r e l a t i o n s h i p s in c h a r a c ­

t e r i z i n g the p h y s i c a l p r o c e s s e s be ing e v a l u a t e d f r o m m i c r o m e t e o r o ­

l o g i c a l p r o p e r t i e s ; 2) the f ide l i ty wi th which the m i c r o m e t e o r o l o g i c a l 

s e n s o r s r e p r e s e n t t h e s e p r o p e r t i e s ; and , 3) the a c c u r a c y and p r e c i ­

s ion in m e a s u r e m e n t of the s i g n a l s f r o m t h e s e s e n s o r s . 

The a p p r o a c h wh ich has b e e n t a k e n in th i s s tudy h a s been : 1) to 

accep t the m i c r o m e t e o r o l o g i c a l r e l a t i o n s h i p s a s va l id m o d e l s for the 

eva lua t i on of the p h y s i c a l p r o c e s s e s , pending f u r t h e r e x p e r i m e n t a l 



87 

verification; 2) to quali tat ively s c r e e n the m e a s u r e m e n t s by means of 

profi les and s imi la r i ty plots for suitabil i ty to the application of these 

re la t ionships ; 3) to quanti tat ively evaluate the uncer ta in ty in the 

m e a s u r e m e n t s and the subsequent ana lyses ; and then 4) to select the 

bes t combination of these re la t ionships that yield the leas t uncer ta in ty . 

The energy budget analysis resu l t ing from these cons idera t ions 

calcula tes the latent heat component as a res idual in the energy budget 

equation, r a the r than by d i rec t calculat ion, using ei ther the Bowen 

ra t io model or the aerodynamic model . The following d i scuss ion 

s u m m a r i z e s the essen t ia l considera t ions regarding the applicabil i ty of 

the mic rometeoro log ica l re la t ionsh ips . 

The Bowen Ratio Model 

The Bowen rat io is the s imples t to apply exper imenta l ly and 

analytically; nei ther windspeed m e a s u r e m e n t s nor s tabi l i ty c o r r e c ­

tions a re r equ i red . The major difficulty in this method is due to the 

s enso r s , it being difficult to achieve re l iab le gradient m e a s u r e m e n t s 

of a tmospher ic vapor p r e s s u r e . At the pumice s i te , this difficulty was 

accentuated by freezing conditions at night, and by the very slight 

vapor gradients in the dayt ime. 

There a re ce r ta in situations for which the Bowen rat io is analy­

tically awkward. These a r e when e i ther H or \K a r e equal in 

magnitude but opposite in di rect ion, yielding (3 = - 1 , at which t ime 
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the Bowen ratio fa i l s . These si tuations a r e t r ans i to ry , being a s s o c i ­

ated p r i m a r i l y with conditions during sunr i se or sunset , and a r e 

seldom evident in hourly averaged data. 

Other poss ible si tuations are when e i ther H = 0, or \K = 0. 

When H = 0, i . e . , 90 = 0, \ E is s imply equal in magnitude but 

opposite in d i rec t ion to the available energy (Q*+G).. And, when 

\ E = 0, i . e . , 3e = 0, P is mathemat ica l ly undefined, but obviously 

H = -(Q*+G) at those t i m e s . 

The Aerodynamic Model 

The aerodynamic model r equ i r e s both windspeed m e a s u r e m e n t s 

and a cor rec t ion for stabil i ty. Thus, it is m o r e complicated expe r i ­

menta l ly and analyt ical ly than the Bowen ra t io . However, the ae rody­

namic model does provide a means of evaluating the sensible heat 

component without requir ing the m e a s u r e m e n t of vapor p r e s s u r e p r o ­

fi les. The lack of agreement in the l i t e r a tu r e as to the form of the 

stabil i ty cor rec t ion further complicated application of this model . 

This problem was overcome in a unique fashion by using the energy 

budget equation as a defining equation for the s tabi l i ty cor rec t ion . 

The close ag reemen t of the resul tant co r rec t ion function with one 

wel l -substant ia ted form appearing in the l i t e r a tu re conf i rms the u s e ­

fulness of this approach, pa r t i cu la r ly for the evaluation of the sensible 

heat flux component. 
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A further requi rement of the aerodynamic model is the exis tence 

of turbulent a i r flow in the surface boundary l ayer . This condition is 

commonly satisfied during the per iods of higher windspeeds in the day­

light hour s , but r ecords from the pumice site show very low wind-

speeds during some of the ea r ly morning hours . During these per iods , 

turbulence may not be well developed, and the application of the a e r o ­

dynamic model may be r e s t r i c t ed . 

Occasionally during these same hours , the es t imated thickness 

of the boundary layer failed to extend ac ros s the two levels of m e a s ­

urement . Satisfactory aerodynamic flux analyses could not be made 

from the available m e a s u r e m e n t s under such conditions. However, 

most hours in the day had windspeeds of sufficient intensity to c rea te a 

boundary layer that extended beyond the highest m e a s u r e m e n t l eve l s . 

For tunate ly , the magnitudes of the sensible and latent heat fluxes 

during these ea r ly morning hours a re smal l , so that e r r o r s in their 

evaluation resul t ing from boundary layer problems a r e believed to 

have a negligible effect on the overal l ana lys i s . 

Analytical Uncer ta int ies 

Important l imitat ions on the accuracy of surface flux evaluations 

were associa ted with analytical uncer ta in t ies . These in turn re la te to 

both the prec is ion and accuracy of the m e a s u r e m e n t s and the mic ro -

meteorological conditions prevail ing at the pumice s i te , pa r t i cu la r ly 
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with regard to the de te rmina t ion of vapor p r e s s u r e g rad ien t s . 

Vapor p r e s s u r e gradients at the pumice si te were quite smal l , 

because of the low ra t e s of evaporat ion. When the vapor gradients 

a r e slight, the m e a s u r e m e n t uncer ta in t ies become l a r g e r . M i c r o -

meteoro logica l evaluation of the latent heat flux thus can include a 

sizeable uncer ta in ty that averaged 25 percent at the pumice s i te . It 

should be noted that the average absolute value of the uncer ta in ty is 

only 0.02 c a l / c m min, or l e s s . The uncer ta in t ies were minimized in 

the final analysis by obtaining the latent heat component as a res idua l 

in the energy budget equation. 

T e m p e r a t u r e gradients at the pumice si te were genera l ly l a rge 

because of the high r a t e s of sensible heat t r an s f e r . Thus , the unce r ­

tainty assoc ia ted with the sensible heat flux analys is was re la t ive ly 

smal l , and this component was evaluated using the co r rec t ed ae rody­

namic model . 

The uncer ta inty of evaluation of the net radia t ion and the soil 

heat flux were found to be negligible using the s tandard re la t ionsh ips . 

Significant F e a t u r e s of the Energy Budget 

At the pumice si te net radiat ion, Q*, was the main energy 

source to the sur face . The net radia t ion for the pumice surface was 

smal le r than that over nearby vegetated su r faces , pa r t ly because of 

the higher albedo of the d e s e r t sur face . The pumice surface 
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t empe ra tu r e s ranged nea r ly 50° C during each of the th ree days of the 

study. 

The ra te of soil heat flux, G, away from the surface was 

g rea tes t in the late morning h o u r s . Maximum r a t e s of soil heat flux 

toward the surface occur red shor t ly after sunset . Over an en t i re 

24-hour per iod the soil heat flux re tu rned near ly as much energy to 

the surface as it had removed. Har sh environmenta l t e m p e r a t u r e s 

were observed in the soil to a depth of 2 cm. 

The sensible heat flux, H, to the a i r was the main energy 

sink. On a daily ba s i s the sensible heat flux accounted for the d i s ­

posal of between 76% and 93% of the energy supplied by net radia t ion , 

increas ing in propor t ion l a te r in the s u m m e r . Steep a i r t empera tu re 

gradients that frequently exceeded 4° C in the boundary layer from 

20 cm to 320 cm of the surface were assoc ia ted with the high r a t e s of 

sensible energy t r ans f e r . High a i r t e m p e r a t u r e s were not m e a s u r e d , 

however, even though the surface t e m p e r a t u r e s somet imes exceeded 

50°C. 

Latent heat t r ans f e r , \ E , was of l e s s impor tance as a d i s -

sipator of energy. The magnitude of this component was not very 

la rge initially, and it declined to r a the r smal l values as m o i s t u r e was 

depleted from the surface soil l aye r . Had m o r e water been avai lable , 

it would probably have been evaporated pre fe ren t ia l ly to the diss ipat ion 

of the rma l energy by e i ther sensible or soil heat f luxes. At the 
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p u m i c e s i t e the l a t e n t e n e r g y c o m p o n e n t w a s l i m i t e d by d r y i n g of t h e 

s u r f a c e so i l and by the l a c k of a c t i v e p l a n t t i s s u e for t r a n s p o r t of 

m o i s t u r e f r o m the so i l d e p t h s to s i t e s of e n e r g y e x c h a n g e . H o w e v e r , 

e x c e p t for l e a v e s v e r y n e a r the hot s u r f a c e it i s u n l i k e l y tha t a d a p t e d 

p l a n t s would exh ib i t h igh e v a p o r a t i o n r a t e s for t e m p e r a t u r e c o n t r o l 

b e c a u s e of the m o d e r a t e a i r t e m p e r a t u r e s . On the o t h e r h a n d , 

unadap ted p l a n t s would p e r h a p s t r a n s p i r e e x c e s s i v e l y in r e s p o n s e to 

the c h a r a c t e r i s t i c a l l y low a t m o s p h e r i c w a t e r v a p o r c o n t e n t . 

P o s s i b i l i t i e s for E n v i r o n m e n t a l Mod i f i ca t i on 

The m e t h o d s by which e n v i r o n m e n t a l m o d i f i c a t i o n c a n b e b r o u g h t 

about a t p u m i c e s u r f a c e s wi l l no doubt invo lve c h a n g e s in s u r f a c e 

c h a r a c t e r i s t i c s such a s the v o l u m e t r i c h e a t c a p a c i t y of the s o i l , the 

a l b e d o , the r o u g h n e s s l e n g t h , o r p e r h a p s the a v a i l a b i l i t y of m o i s t u r e . 

The a n t i c i p a t e d effect of c h a n g e s in t h e s e c h a r a c t e r i s t i c s h a s b e e n 

d i s c u s s e d by C o c h r a n (1969) . E n v i r o n m e n t a l m o d i f i c a t i o n h a s not 

b e e n a c e n t r a l o b j e c t i v e of t h i s s tudy , bu t r a t h e r the e n e r g y b u d g e t h a s 

been e x a m i n e d a s a m e a n s of c h a r a c t e r i z i n g the m i c r o c l i m a t e of a 

s u r f a c e , for wh ich p u r p o s e it ho ld s c o n s i d e r a b l e p r o m i s e . E n e r g y 

budge t a n a l y s i s i s r e g a r d e d a s a w a y to r e d u c e c o m p l e x m i c r o c l i m a -

to log i ca l r e l a t i o n s h i p s into a f o r m t h a t r e a d i l y e n a b l e s the c o m p a r i s o n 

of d i f f e r en t s u r f a c e s . The ex ten t to which the m i c r o c l i m a t e of a pumice 

s u r f a c e m a y b e m o d i f i e d r e m a i n s to be d e m o n s t r a t e d by e x p e r i m e n t . 
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S u m m a r y 

The major contribution of this study is the quantification of the 

pr inc ipa l energy t r ans f e r s at a pumice sur face . The success of this 

study depended upon the collection of p r e c i s e mic roc l ima to log ica l 

data in the field and its analys is by mic rome teo ro log ica l re la t ionsh ips 

developed from theory. One important aspec t of the ana lys i s was the 

development of a unique stabi l i ty co r r ec t ion specif ical ly for this study, 

that appears to be genera l ly applicable to other surface as wel l . This 

was necess i ta ted by the lack of a genera l theory extending over a wide 

s tabi l i ty range. A second impor tant aspect was the adaption and 

applicat ion of a method for a s s e s s i n g the uncer ta in ty of m e a s u r e m e n t 

and ana lys i s . 

The significant fea tures of the pumice energy budget and the 

assoc ia ted surface c h a r a c t e r i s t i c s were found to be: 1) a high p r o p o r ­

tion of energy going into sensible heat t r ans fe r ; 2) a high albedo 

causing the energy input to the surface to be l e s s than maximum; and 

3) low evaporat ion r a t e s due to the d ry sur face . These r e s u l t s were 

not unexpected. Moreove r , this study has demons t ra t ed the applicabil­

ity of mic rome teo ro log ica l theory in cha rac t e r i z ing complex m i c r o ­

cl imatological re la t ionsh ips and present ing them in a s imple , read i ly 

comparable form using the energy budget f ramework . 

The poss ib i l i t i es for environmenta l modification of the pumice 



surface have not been explored. However, t he re mus t be a way to 

capital ize or opt imize what has obviously occu r r ed na tura l ly by suc ­

cess ion or by accident in making the environment suitable for the 

es tabl ishment of the fores t s which surround the pumice sur face . The 

energy budget is r ega rded as one way to make a sys temat ic approach 

to understanding these environmental r e la t ionsh ips . 
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A P P E N D I X I 

S y m b o l s and Def in i t ions 

Symbol Def in i t ion 

A p s y c h r o m e t r i c c o n s t a n t , °C~ ; cons t an t t e m p e r a t u r e offset , °C 

B a m p l i t u d e of the t i m e - d e p e n d e n t t e m p e r a t u r e of fse t , °C 

3 
C v o l u m e t r i c h e a t c a p a c i t y of the s o i l , c a l / c m °C 

C spec i f i c h e a t of the a i r , 0. 24 c a l / g m ° C 

E w a t e r v a p o r flux d e n s i t y , g m / c m m i n 

G . o i l h e a t flux d e n s i t y , c a l / c m 2
m i „ 

H s e n s i b l e h e a t flux d e n s i t y , c a l / c m m i n 

i / 2 

K • incoming s h o r t w a v e r a d i a t i o n flux d e n s i t y , c a l / c m m i n 

/ 2 K f outgoing s h o r t w a v e r a d i a t i o n flux d e n s i t y , c a l / c m m i n 

2 , K eddy di f fus iv i ty of h e a t , c m / s e c 
rl 

2 / K r eddy di f fus ivi ty of m o m e n t u m , c m / s e c 
M 

2 , K__ eddy di f fus iv i ty of v a p o r , c m / s e c 

, 2 
L \ i n c o m i n g longwave r a d i a t i o n flux d e n s i t y , c a l / c m m i n 

2 
L t outgoing longwave r a d i a t i o n flux d e n s i t y , c a l / c m m i n 

/ 2 L outgoing longwave s u r f a c e r a d i a t i o n flux d e n s i t y , c a l / c m m i n 
© 

M unspec i f i ed m e a s u r e m e n t 

N a v e r a g e count r a t e of a n e m o m e t e r r e v o l u t i o n s , c o u n t s / m i n 

/ 2 Q* net a l l - w a v e r a d i a t i o n flux d e n s i t y , c a l / c m m i n 

Ri R i c h a r d s o n n u m b e r 
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S y m b o l D e f i n i t i o n 

T s o i l t e m p e r a t u r e , ° C 

T d r y b u l b t e m p e r a t u r e , ° C 

T h e m i s p h e r e t e m p e r a t u r e of t h e p y r r a d i o m e t e r , ° C 

T t h e r m o c o u p l e r e f e r e n c e j u n c t i o n t e m p e r a t u r e , ° C 

T w e t b u l b t e m p e r a t u r e , ° C 
w 

T S s u r f a c e t e m p e r a t u r e , ° C 

V m e a s u r e d s i g n a l v a l u e , m i l l i v o l t s 

2 , 
a r a d i o m e t e r c a l i b r a t i o n c o e f f i c i e n t , m i l l i v o l t s c m m i n / c a l ; 

c o e f f i c i e n t in t h e t h e r m o c o u p l e e q u a t i o n , 0 . 0 4 3 8 

b c o e f f i c i e n t i n t h e t h e r m o c o u p l e e q u a t i o n , 0 . 4 3 7 7 

c c o n s t a n t of i n t e g r a t i o n ; c o e f f i c i e n t i n t h e t h e r m o c o u p l e e q u a t i o n , 
2 2 . 7 

d d a m p i n g d i s t a n c e in t h e s o i l , c m 

e v a p o r p r e s s u r e of w a t e r i n t h e a i r , m b 

e Q s a t u r a t i o n v a p o r p r e s s u r e a t t h e w e t b u l b t e m p e r a t u r e , m b 

2 
s 

g a c c e l e r a t i o n d u e to g r a v i t y , 9 8 0 c m / s e c 

h t h i c k n e s s of t h e b o u n d a r y l a y e r , c m 

k v o n K a r m a n ' s c o n s t a n t ( 0 . 4 ) 

p a t m o s p h e r i c p r e s s u r e , m b 

r r e f l e c t e d l o n g w a v e r a d i a t i o n f l u x d e n s i t y , c a l / c m m i n 

s s t a n d a r d d e v i a t i o n f r o m s a m p l e m e a n 

t t i m e , s e c , m i n , h r , o r d a y 

u h o r i z o n t a l w i n d s p e e d , c m / s e c 
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Symbol Definition 

x volume fraction of a soil increment 

y mean value of property 

y time average value of a property 

z vertical distance to the exchange surface, cm 

z roughness length, cm 

a albedo; coefficient in the stability correction function 

(3 Bowen ratio 

r adiabatic lapse rate, -0.0001°C/cm 

y exponent in the stability correction function 

A difference between values, either in space or time 

6 error coefficient 

€ emissivity; ratio of molecular weights of water to air, 0. 622 

0 potential temperature, T + Tz, °C 

X latent heat of vaporization of water, cal/gm°C 

-3 3 
p density of the air, 1.02x10 gm/cm 

-11 2 
cr Stefan-Boltzmann constant, 8. 27 x 10 cal/cm °K min 

2 
T momentum flux density, dyne/cm 

<j> stability correction 

oo angular frequency, 2irf 
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APPENDIX II 

Data Tabulation 



Table I I - 1 . Mic roc l ima te m e a s u r e m e n t s at the pumice s i t e , 17 July 1969. 

0* SOIL TEMPERATURES AXRTEMPERATURES VAPOR PRESSURE WIN0S»cE0 
L Y / M I M O E G P F ^ C DEGREES C M I L L I B A R S C H / S ^ C 

HR 1 0 2 C M SURFACE ?CM *GM 1QCM 20GM 20CM *»QCM 80CM 1 6 0 C M 2U0CM 320CM 2 0 C M <»OCM 80CM 160CM 2W0CM 320CM 20 <tu 8 0 16^ 2kt> 320 

k.k3 3 . 5 9 16."»5 1 8 . 6 0 1 7 . 3 5 6.W1 6 . 6 7 7 . 3 5 8 . 0 6 8 . U 9 8 . 9 1 7.3*» 7 . 3 7 7 , i » l 7.«»8 7 . U 8 7.<»7 6 1 77 9*. 116 1 7»* 1<*6 

l.<»3 6 . 9 7 1 5 . 2 1 13.C<» 1 7 . 3 0 2 . 2 9 2 . 3 9 3.0k <».06 <t .78 5 . 1 7 6.<»8 6.5*» 6 . 6 6 6 . 8 3 6.8*» 6 . 8 5 US 6k 33 105 1 1 1 li<* 

. 3 ^ 5 . 5 6 Ik. 13 17.<*6 1 7 . 2 0 . 6 1 . 7 1 1 . 1 3 2 . 0 6 2 . 6 7 3 . 1 5 5 . 9 1 5.9<» 6 . 0 7 6 . 2 5 6 . 2 7 6 . 3 9 *»6 6C 75 96 138 1 1 3 

- 1 . - 1 6 *•. 32 1 3 . 2 3 1 6 . 8 7 1 7 . T 8 - 1 . 3 U - 1 . 1 5 - 0 . 7 5 . U k . 6 5 1 . 1 0 5 , 3 3 5 . 3 8 5 . 5 1 5 . 6 9 5 . 8 6 5 . 9 6 35 kS 5f> 63 71 70 

- 1 . 2 1 3 . 1 9 1 2 . 2 3 1 6 . 2 9 1 6 . 9 2 - 2 . 2 2 - 2 . 2 U - 1 . 9 0 - 1 . U 3 - 1 . 2 1 - 0 . 9 6 5 , ^ 5 5 . 2 0 5 . 1 0 5 . 2 1 5 . 2 9 5 . 3 5 23 37 kk 5k 61 66 

3 . 8 5 2 . 7 6 l l . < 4 3 1 5 . 7 3 1 6 . 8 0 - 1 . 9 6 - 2 . 0 2 - 2 . 0 2 - 1 . 7 8 - 1 . 6 1 - l . * » 3 5 . 9 0 5 . 8 3 5 . 0 1 5.«»9 5 . 0 6 5 . 1 2 26 3k <»6 56 6 3 65 

1 5 . &2 5.k7 1 3 . 8 0 1 5 . 1 2 1 6 . 7 0 _ 3.<»7 3 . 1 6 3 . 0 3 2 . 9 5 2 . 3 2 2 . 7 6 5 . 1 5 5 . U 6 6 . 5 2 6,0<» 6.«»3 6.*»9 33 36 36 39 kO 38 

2 5 . 6 6 1?.<*3 1 1 . 0 3 1 4 . 5 0 l b . U 2 1 0 . 8 9 1Q.5*» 1 0 . 2 9 1 0 . 0 7 9.7<» 9 . 8 3 7 . 2 9 7 . 2 9 7 . 1 9 7 . 1 3 7 , 0 9 7 . 1 2 **3 53 56 59 60 58 

3 5 . 0 5 2 0 . 6 5 1 2 . 7 ^ 1<*.12 1 6 . 1 0 1 6 . 1 3 1 5 . 4 1 Ik.^7 H f . 6 5 i«».«»0 1 U . 3 1 6 . 7 3 6 . 7 7 6 . 6 5 6 . 5 8 6 . 6 5 6 . 6 2 7k 3 ' 37 93 96 96 

(•1.B4- ?a.<>7 1 5 . 2 3 1 4 . 1 2 1 5 . 8 3 1 8 . 39 1 8 . 0 1 1 7 . ^ 3 1 6 . 9 5 1 6 . 6 3 1 6 . 5 6 1 7 . 0 7 1 6 . 3 k 5 . 9 7 5 . 9 1 5.9<» 5 . 8 8 1 0 6 122 13C 139 1 4 2 1 kk 

u6.<*7 ^ 5 . 1 5 1 7 . 9 3 1 4 . 5 1 1 5 . 5 6 2 1 . 4 7 2 0 . 5 4 1 9 . 7 7 1 9 . 0 2 1 8 . 6 0 1 8 . 7 8 1 9 . 9 5 1 9 . 4 9 5 . 2 6 5 . 1 2 5 . 0 3 5 . 1 7 1 4 3 1 6 7 17P 1^3 ?;C 2 0 5 

^•3.36 3 9 . 8 1 2 3 . 6 9 1 5 . 3 1 1 5 . 3 9 2 3 . 8 4 2 2 . 5 0 2 1 . 4 7 2 C . 3 6 2 0 . 0 3 2 0 . 0 9 6 . 3 2 6 . 1 6 5 . 9 9 5 . 7 3 5 . 8 3 5 . 8 7 1 9 1 2 2 3 249 ?7 l ? 3 1 2 8 9 

43.<*J 4 2 . 5 6 2 3 . 0 5 1 6 . 3 9 1 5 . 3 J 2 4 . 3 7 2 3 . 0 9 2 2 . 0 2 2 1 . 2 5 2 0 . 7 4 2 0 . 6 6 6 . 8 8 6 . 3 8 6 . 3 0 6 . 3 5 6 . 2 9 6 . 1 9 2 0 9 2 5 2 2?5 3 : 2 3 1 5 3 2 3 

4 7 . 6 4 4 3 . 7 2 2 4 . 9 3 1 7 . 5 5 1 5 . 3 8 2 5 . 4 6 2 4 . 1 3 2 3 . 0 0 2 2 . 1 6 2 1 . 6 5 2 1 . 5 3 7 . 3 3 6 . 4 5 6.*»0 6 . 4 1 6 . 3 3 6.2<» 2 1 7 2 6 3 29C 317 37C 3 3 8 

4U.7Q 4 2 . 6 7 2 6 . 2 5 1 8 . 7 0 1 5 . 5 6 2 6 . 2 1 2 4 . 9 3 2 3 . 7 9 2 2 . 9 3 2 2 . 3 3 2 2 . 2 7 7 . 4 8 6 . 2 9 6 . 1 5 6 . 1 8 6 . 0 9 6 . 0 2 2 6 4 326 36C 397 4 1 3 4 2 3 

3 3 . 6 7 4 0 . 2 3 2 6 . 3 9 1 9 . 7 1 1 5 . 8 1 _ 2 6 . 0 7 2k . 8 7 2 3 . 3 4 2 3 . 0 1 2 2 . 48 2 2 . 3 9 7,3k 5 . 7 5 5 . 6 5 5 . 6 6 5 . 5 7 5 . 4 5 2 5 5 3 1 5 350 338 4 3 7 4 1 3 

5 3 . 1 4 ^ 6 . 4 7 2 6 . 0 6 2 0 . 5 0 1 6 . 1 7 2 5 . 5 3 2 4 . 5 9 2 3 . 7 1 2 3 . 0 3 2 2 . 6 5 2 2 . 5 2 7 . 2 4 5 . 2 3 5 . 1 5 5 . 1 6 5 . 0 7 4 . 9 5 2 9 4 3 6 9 41f 468 4 9 1 5C4 

2 6 . 4 0 3 1 . 9 0 2 6 . 4 1 2 1 . 04 1 6 . 5 3 2 3 . 9 6 2 3 . 3 2 2 2 . 7 5 2 2 . 2 2 2 1 . 8 9 2 1 . 8 2 7 . 9 4 5 . 8 3 5 . 7 8 5 . 7 8 5 . 7 1 5 . 5 6 3 0 1 380 431 ««35 513 5 ? 7 

J . 9 . 1 5 ^ 2 6 . 7 7 ^ 2 5 . 41 2 1 . 34 1 6 . 8 7 2 1 . 8 3 2 1 . 5 7 2 1 . 3 k 2 1 . . 1 1 20 .901 20 . 8 9 8 . 5 4 6 . 5 4 _ 6 ? 4 8 6 . 5 0 6 . 4 3 6 . 3 0 2 9 5 3 7 6 k2b n83 5 1 3 5 3 1 

1 U . 0 5 2 0 . 3 2 2 3 . 3 7 2 J . 8 9 1 6 . 8 2 1 7 . 6 5 1 7 . 7 3 1 7 . 8 6 1 7 . 9 4 1 7 . 9 4 1 7 . 9 7 5 . 6 5 5 . 8 6 5 . 6 9 5 . 7 0 5 . 6 1 5 . 4 8 2 4 6 3 1 3 359 412 4 3 3 4 5 6 

1 1 . 0 9 1 5 . 9 1 2 1 . 6 7 2 0 . 6 8 1 7 . 0 3 1 3 . 8 5 1 4 . 2 8 Ik.77 1 5 . 2 9 1 5 . 5 6 1 5 . 7 1 5 . 8 6 6 . 0 9 5 . 9 3 5 . 9 0 5 . 8 1 5 . 6 8 1 3 3 1 6 9 139 2 7 6 2 5 4 2 6 4 

9 . 0 5 1 3 . 3 8 2 0 . 0 2 2 0 . 2 9 1 7 . 2 1 1 1 . 9 0 1 2 . . 4 1 1 3 . 0 2 1 3 . 7 0 1 4 . 0 9 1 4 . 3 3 6 . 4 7 6 . 6 7 6 . 5 2 6 . 5 0 6 . 4 0 6 . 3 0 1 3 7 1 7 3 235 ?50 27k 290 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

13 

19 

20 

21 

22 

23 

0 

-3.?93 

-0.085 

-0.081 

-0.077 

-0.071 

-0.032 

.3 49 

.133 

.339 

.423 

.523 

.594 

.627 

.620 

.*B5 

.503 

.i»03 

.267 

.113 

-0.051 

-0.112 

-3.137 

-0.103 

-3.395 

7.6k 1 1 . 3 1 1 3 . 6 1 1 9 . 7 7 1 7 . 3 2 1 0 . 5 6 1 0 . 9 6 1 1 . 4 0 1 1 . 8 1 1 2 . 0 6 1 2 . 2 5 7 . 2 1 7 . 3 8 7 . 3 1 7 . 3 3 7 . 2 7 7 . 1 9 1 0 6 1 3 5 160 193 212 2 2 5 

5 . 3 9 1 0 . 3 4 1 7 . 6 1 1 9 . 3 3 1 7 . 3 5 8 . 1 2 8 . 5 1 9 . 0 5 9 . 6 0 9 . 9 9 1 0 . 2 9 7 . 3 9 7 . 4 8 7 . 4 3 7 . 5 0 7 . 4 5 7 . 4 0 0 0 C 0 0 0 
O 



l a b l e 11-2. Mic roc l ima te m e a s u r e m e n t s at the pumice s i te , 13 August 1969. 

* ) • S O I L T c ^ P E P A T U R E S 
L Y / M I N DEGREE* C 

MR 1C0CM SURFACE 2CM 5CM 13CM 20CM 

5 . 3 % %.%9 1%.99 1 8 . 0 3 1 7 . 7 2 

1 . 6 6 3.%% I H . I G 1 7 . 5 G 1 7 . 6 5 

. 7 0 2 . 6 1 1 5 . 3 1 1 6 . 9 3 1 7 . 5 6 

^ . 3 1 1 , 9 5 1 2 . 5 7 16.%7 1 7 . % 3 _ 

- 3 . 7 7 1 . 2 3 1 1 . 8 9 1 5 . 9 9 1 7 . 2 9 

- ? . % 3 . 7 5 1 1 . 2 7 1 5 . 5 3 1 7 . 1 3 

1 0 . 5 1 7 .3% 1 J . 7 9 1 5 . 1 J 1 7 . 0 0 

1 7 . 0 6 1 3 . u<* 1 1 . 2 % 1 4 . 7 5 1 6 . 9 1 

»7*85 2 6 . 2 6 1 3 . 3 3 1%.«»2 1 6 . 7 1 

^ . 6 7 3 ; . 87 1 6 . C2 1%.38 16 .%1 

4 0 . 8 6 3«*.91 1 8 . 6 6 1%.7Q 1 6 . 2 3 

U 6 . 6 7 3 3 . 1 2 2 1 . 5 2 1 5 . 3 9 1 6 . 1 1 

* 3 . 7 3 -*9 .73 2 ? . ° 6 1 6 . 3 2 1 6 . o b 

5 7 . 6 5 % : . f 5 2 5 . 8 6 1 7 . 3 0 1 6 . 1 1 

%9,92 3 ^ . ^ 5 2 7 . 1 6 1 8 . 5 2 1 5 . 8 3 

•»7.36 3 8 . 5 9 2 7 . 9 9 1 9 . 5 7 16 .%5 

««^.06 3 5 . 9 5 2 3 . 0 9 20.%9 1 6 . 6 0 

3 3 . 6 7 3 3 . 5 3 27 .%9 2 1 . 1 9 1 7 , 0 6 

2 7 . 9 6 2 ^ . 6 2 26 .%3 21.6** 17.«»2 

2 1 . 3 1 2 3 . ^ 7 2%.7% 2 1 . 3 1 1 7 . 7 6 

1 6 . 1 3 1 9 . 0 % 2 3 . 3 6 2 1 . 7 1 18.G% 

1 1 . 3 9 1 ^ . 3 9 2 1 . U3 2 1 . 3 7 1 8 . 2 % 

9 . 5 5 1 1 . 8 2 1 9 . 9 7 2 J . 9 1 1 8 . 3 9 

1 . 6 ^ 1° .6"* 1 9 . , 3 2 u . 5 0 18 .%6 

AIR TEMPERATURES 
DEGREES C 

2DGM %0CM 80CM 160CM 2%0CM 320CM 

VAPOR PRESSURE 
MILLIBARS 

20CM %0CH 80GM 160CM 2%0CH 320CM 

1 

2 

3 

% 

5 

6 

7 

8 

9 

10 

11 

12 

13 

1% 

15 

16 

17 

18 

19 

20 

21 

22 

23 

0 

-0.065 

-0.362 

-0.0 59 

-C.057 

-0.0 56 

-9.049 

.::% 

.16«* 

.313 

.%57 

.5*? 

.582 

.^95 

.563 

.5-3 5 

.%C7 

.321 

.153 

-0.9 31 

-0.0-39 

-0.096 

-0.079 

-0.0 76 

- C . Q 7 % 

0 0 0 0 0 . 0 0 0 0 0 0 0 

0 0 0 0 0 0 0 0 0 0 0 0 

0 0 0 0 0 0 0 0 0 0 Q 0 

0 0̂  0 0 J) _ 0 _ J 0 0 0 0 0 0 

0 0 0 0 0 0 0 0 0 0 0 0 

0 0 0 0 0 0 0 0 0 0 0 0 

0 0 0 0 0 0 0 0 0 0 0 0 

1 3 . 2 0 1 2 . 5 6 12.%Q 1 2 . 1 5 1 2 . 1 3 1 2 . 1 0 

1 9 . 1 2 1 7 . 9 2 1 7 . 6 9 1 7 . 2 8 1 7 . 1 2 1 7 . 0 2 

2 3 . 5 3 2 2 . 0 6 2 1 » » 8 2 0 , 7 8 2 C M 2 0 . 2 % 

2 6 . 2 7 2%.5% 2 3 . 7 % 2 2 . 9 6 2 2 . 5 6 22.%6 

2 7 . 6 5 2 5 . 9 6 2 5 . 1 1 2%.%5 2%.00 2 3 . 9 1 

2 8 . 6 8 2 6 . 9 9 2 6 . 1 6 2 5 . % 9 2%.99 2%.90 

3 0 . 1 8 2 8 . 5 2 2 7 . 6 9 2 7 . 0 % 2 6 . 5 6 26 .%6 

3 1 . 1 2 29 .5% 2 8 . 7 3 2 8 . 0 1 2 7 . 6 0 27 .%2 

3 1 . 1 1 2 9 . 7 5 2 9 . 0 % 2 8 . % 8 2 8 . 1 6 2 8 . 0 % 

3 1 . 0 8 2 9 . 9 3 2 9 . 1 8 2 8 . 8 6 2 8 . 5 6 28 .%2 

2 9 . 9 3 2 9 . 1 3 2 8 . 8 2 2 8 . 5 0 2 8 . 3 1 2 8 . 2 5 

2 6 . 6 1 26 ̂ 8 2 6 . 6 0 26 . 5 9 26 . 5 5 2 6 . 5 % 

2 2 . 9 7 2 3 . 2 1 2 3 . 6 2 2 3 . 3 9 2%.01 2%.08 

1 8 . 8 1 1 9 . 3 8 2 0 . 2 9 2 1 . 0 2 2 1 . 3 9 2 1 . 6 8 

1 3 . 1 7 13.%8 1%.3% 1 5 . 0 1 1 5 . 6 1 1 6 . 1 1 

1 1 . 5 3 1 1 . 7 3 1 2 . 6 1 1 3 . 5 2 1%.29 l % . 9 2 

1 0 . 3 0 10 .5% 1 1 . 3 7 1 2 . 5 7 1 3 . 3 9 1%.01 

9 . 7 3 9 . 8 0 9 . 5 3 9 .5% 9.%7 9.%9 

9 . 5 9 9 . 7 8 9.%2 9.%% 9 . 3 5 9 . 3 % 

„9«.05 _ 9 . 1 6 8 . 9 7 9 . 3 5 8 . 9 0 _ 8 . 8 9 

8 . 7 1 8 . 6 5 8 . 5 5 9 . 6 2 8 . 5 3 8 . 5 0 

8 . 1 1 8 . 2 2 8 . 1 5 1 0 . 2 5 8 . 1 2 8 . 0 9 

8 . 0 2 8 . 0 9 8 . 1 0 1 1 . 2 7 8 . 0 5 7 . 9 2 

7 .6% 7 . 8 5 7 .9% 1 2 . 3 8 7 .7% 7 . 6 5 

7 . 1 5 7 . 2 9 7 .2% 13 .%6 7 . 1 % 7 . 0 2 

6 . 9 8 7 . 0 6 6 . 9 9 1%.65 6 . 8 8 6 . 7 9 

7 . 0 9 7 . 0 0 6 . 6 9 1 5 . 8 7 6 . 8 3 6 . 7 3 

7 . 3 9 7 . 2 9 7.2% 1 6 . 7 3 7 . 1 7 7 . 0 8 

8 . 7 7 8 . 7 7 8 . 7 5 1 7 . 3 0 8 . 6 8 8 . 6 2 

9 . 3 0 9 . 3 5 9 . 3 5 1 6 . 6 5 9 . 3 3 9 . 2 8 

9 . 3 9 9.%6 9.%1 1 5 . 5 3 9 . 5 1 9 . 5 0 

9 . 0 8 9 . 1 % 9 . 1 % 1 2 . 5 9 9 . 1 8 9 . 2 1 

9 . 1 1 9 . 2 6 9 . 3 6 1 2 . 1 7 9.%0 9 . 3 7 

9 . 0 7 9 . 1 % 9 . 2 0 1 1 . 7 1 9 . 3 6 9 . 3 0 

W I N I S P ^ O 
CVSEC 

20 %Q 3C 163 2%3 320 

%1 5% 63 78 33 87 

35 <«6 6* 69 76 73 

33 %3 SI 57 62 63 

30 -»3 +7 6% 53 56 

29 77 U5 52 55 5 7 

2 9 37 kb 55 66 50 

39 <#i UU %5 %7 i»5 

%5 %9 50 52 ^3 52 

1 3 8 1 5 7 168 11% 192 1 9 6 

2%6 2 8% 3 1 3 3%7 36% 37% 

2 1 2 2<*3 26% 236 ?97 3 1 6 

2 0 9 2 3 9 2 5 9 230 2 3 9 2 9 9 

198 226 2-»r> 26% 27% 2 34 

2 0 8 2%1 2 6 ? 236 2 9 3 3 1 1 

1 9 1 2 2 1 Z'^ ' 6 2 2^3 2 8 2 

1 9 5 2 2 6 2««5 2^7 2 7 5 2 * 6 

2 1 2 2%6 ?7r 296 ? ' 5 3 2 5 

18% 2 1 6 2 3 * ?62 ^ 7 6 2 8 3 

2 1 8 2 5 9 29? 330 76D 3 6 3 

177 212 2%1 277 296 3 n 7 

87 1Q3 1 2 6 1%% 154 153 

59 73 3° 110 1 2 ? 130 

7% 92 l i t I"* j 1%6 1%* 

3 3 3 0 0 0 
O 
- J 



Table I I - 3 . M i c r o c l i m a t e m e a s u r e m e n t s at the pumice sit 

Q» SOIL TEMPERATURES AIR TEMPERATURES 
L Y / M I N OEGREES C DEGREES C 

HR 1GQCM SU^ACC 2CM 5CM 10CM 2GCM 20CM 43CM 8QCM 160CM 240CM 320CM 

- 6 . 1 5 - 3 . 4 9 1 3 . 3 1 1 4 . 8 1 1 5 . 6 9 - 6 . 4 5 - 5 . 9 6 - d . 8 1 - 3 . 9 0 - 3 . 3 d - 2 . 9 0 

- • ' . 8 8 - 4 . 8 3 9 . 2 6 1 4 . 2 2 1 5 . 5 8 - 7 . 4 6 - 7 . 4 2 - 6 . 8 9 - 5 . 6 6 - 4 . 8 6 - 4 . 4 8 

- 3 . 1 3 - 5 . 7 5 8 . 3 3 1 3 . 6 2 1 5 . 4 4 - 8 . 2 7 - 8 . 1 5 - 7 . 3 9 - 6 . 3 4 - 5 . 7 2 - 5 . 4 3 

- 9 . 5 9 - 6 . 7 G 7 . 5 1 1 3 . 3 6 1 5 . 2 8 - 9 . 8 2 - 9 . 6 5 - 8 . 9 8 - 8 . 1 8 - 7 . 3 3 - 6 . 5 1 

- 9 . 6 1 -7,26 6 . 7 5 1 2 . 5 0 1 5 . 3 9 - 9 . 7k - 9 . 6 7 - 9 . 2 2 - 8 . 4 5 - 7 . 8 3 - 7 . 3 1 

- 9 . 3 3 - 7 . 2 3 6 . 3 3 1 2 . 1 3 1 4 . 9 6 - 9 . 3 2 - 9 . 3 6 - 9 . 0 5 - 8 . 4 3 - 8 . 1 9 - 7 . 9 1 

3 . 6 1 - 2 . 7 3 5 . 6 3 1 1 . 3 8 1 4 . 6 6 - 6 . 3 4 - 6 . 2 2 - 6 . 2 7 - 6 . 3 5 - 6 . 3 6 - 6 . 2 6 

1 3 . 3 5 5 . 6 2 5 . 8 4 U . 9 7 1 4 . 5 3 1 . 7 3 1 . 2 9 1 .2Q 1 . 0 3 . 9 4 . 8 8 

2 5 . 4 7 1 3 . 3 9 7 . 7 3 1 3 . 6 0 1 4 . 3 3 l u . l l 9 . 6 5 9.WO 9 . 0 1 8 . 8 9 9 . 6 3 

3 2 . 3 1 1 8 . C 9 1 3 . 7 2 1 3 . 5 6 I d . 0 5 I d . 2 6 1 3 . d l 1 2 . 8 1 1 2 . I d 1 1 . 9 1 1 1 . 6 7 

3 5 . 3 6 2 3 . d 3 1 3 . 6 8 i d . 9 1 1 3 . 8 1 1 5 . 8 1 I d . 7 0 1 3 . 8 d 1 2 . 9 8 1 2 . 6 2 1 2 . 2 7 

5 7 . 7 3 2 3 . 3 1 1 6 . 3 3 1 1 . 5 d 1 3 . 6 3 1 7 . d 3 1 6 . 1 9 1 5 . 2 5 I d . 1 8 1 3 . 8 7 1 3 . 5 C 

3 7 . 7 1 2 d . 9 5 1 8 . d 9 1 2 . 3 8 1 3 . 5 1 1 9 . 0 0 1 7 . 6 8 1 6 . 6 8 1 5 . 5 d 1 5 . 1 2 I d . 7 2 

5 8 . 4 3 2 6 . 4 6 2 3 . 3 2 1 3 . 3 6 1 3 . 4 9 1 9 . 7 2 1 8 . d O 1 7 . d l 1 6 . 4 1 1 6 . 0 3 1 5 . 7 0 

5 6 . 9 5 2 6 . 9 6 2 1 . 2 1 1 4 . 3 3 1 3 . 5 5 1 9 . 5 8 1 8 . 3 5 1 7 . 5 6 1 6 . 5 6 1 6 . 3 0 16.CO 

3 1 . 7 8 2 5 . 1 5 2 1 . 7 * 1 5 . 2 2 1 3 . 6 9 1 9 . 1 2 1 8 . 3 d 1 7 . 2 8 1 6 . d l 1 6 . 1 0 1 5 . 8 0 

2 5 . 6 6 2 2 . 2 1 2 1 . 5 0 1 5 . 9 6 1 3 . 8 8 1 7 . d 3 1 6 . 7 1 1 6 . 1 9 1 5 . d 9 1 5 . 2 7 1 5 . O d 

1 9 . 3 3 1 9 . 6 4 2 1 . 5 7 1 6 . 4 6 I d . 1 0 1 5 . 8 1 1 5 . d d 1 5 . 2 1 I d . 7 9 I d . 6 6 l d . d 7 

1 1 . 7 9 1 4 . 9 1 1 9 . : 9 1 6 . 6 8 I d . 3 7 1 2 . 6 8 1 2 . 7 7 1 2 . 8 7 1 2 . 8 9 1 2 . 9 0 1 2 . 8 6 

7 . 0 3 9.1** 1 7 . 2 d 1 6 . 6 5 I d . 5 9 9 . 1 2 9 . 4 6 9 . 7 6 1 0 . 2 2 1 3 . 3 7 1 0 . d d 

3 . 2 1 6 . 1 J 1 5 . 4 7 1 6 . 3 6 1 4 . 77 5 . 7 9 6 . 2 7 6 . 8 0 7 . 4 4 7 . 8 9 8 . 1 5 

- 1 . 3 1 2 . 1 2 1 3 . 9 3 1 5 . 9 3 I d . 8 9 1 . 0 6 1 . 6 1 2 . d 5 3 . 6 2 d . 3 1 d . 8 6 

- 2 . 1 9 . d l 1 2 . 6 3 1 5 . 9 3 1 5 . 7 2 - 0 . 3 7 . I d 1 . 1 5 2 . 9 d 3 . 9 5 d . 5 5 

- 3 . 5 7 - 1 . 3 7 1 1 . 7 5 15 . 5 d 1 5 . 7 7 - 2 . 8 3 - 2 . 4 5 - 1 . 5 6 - C . 7 0 - 0 . 0 5 . 3P 

1 

2 

3 

4 

5 

5 

7 

8 

9 

10 

il 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

23 

0 

-Q.372 

-0.369 

-3.3 67 

-3.0 65 

-0.053 

-a.:5<* 

.333 

.122 

.251 

• 3e3 

.493 

.557 

.596 

.565 

.491 

.396 

.257 

.3 93 

-3.372 

-0.125 

-0.115 

-3.099 

-Q.C93 

-3.2 35 

4 September 1969. 

VAPOR PRESSURE WIN3SPEED 
MILLIBARS CM/S£C 

20CM dOCM 80CM 16DCM 2dOCM 320CM 20 40 9C 163 243 320 

d.66 3.77 d.29 d.d9 d.57 d.60 37 d9 55 53 62 68 

3.d3 3.d7 3.58 3.89 d.10 d.27 33 45 57 7^ 72 82 

3.22 3.21 3.43 3.74 3.89 d.Od 32 42 46 56 53 62 

2.92 2.94 3.03 3.39 3.58 3.80 32 41 49 57 64 75 

2.93 2.96 3.07 3.33 3.dd 3.55 d5 56 66 78 94 93 

2.95 2.94 3.C3 3.15 3.24 3.35 dl 53 62 93 95 97 

3.69 3.71 3.71 3.69 3.7d 3.83 31 34 35 37 33 39 

4.22 4.48 4.11 4.16 4.25 d.29 50 56 58 61 63 6d 

4.68 4.57 d.4d d.45 4.40 5.06 98 112 118 127 132 137 

5.93 5.8d 5.79 5.82 5.77 5.78 188 221 2dl 264 277 293 

5.70 5.6d 5.62 5.61 5.56 5.56 255 334 335 373 386 4u4 

5.42 5.32 5.28 5.30 5.23 5.22 235 230 316 334 353 365 

5.69 5.57 5.56 5.56 5.50 5.50 318 332 421 468 «*93 517 

5.68 5.57 5.58 5.54 5.49 5.51 281 336 370 4J7 423 447 

6.12 5.98 5.92 5.90 5.85 5.89 2d9 297 327 562 377 395 

6.27 6.15 6.12 6.08 6.03 6.06 293 35d 393 435 *56 d79 

5.94 5.82 5.78 5.7d 5.70 5.72 299 359 431 443 472 494 

5.63 5.52 5.49 5.d3 5.dl 5.39 268 323 36d 439 433 46C 

5.65 5.59 5.58 5.51 5.49 5.50 229 279 316 563 331 4C3 

5.69 5.70 5.75 5.67 5.66 5.68 138 164 197 220 226 265 

5.76 5.73 5.74 5.73 5.74 5.72 91 121 141 179 193 213 

5.36 5.13 5.22 5.27 5.33 5.dl 52 66 79 99 IJQ 35 

d.87 5.d3 5.03 5.25 5.59 5.58 78 13d 135 175 195 212 

d.2d 5.62 d.39 4.54 4.63 d.7d 0 0 0 0 3 3 
O 
OD 
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APPENDIX III 

Analytical Equations 

This section detai ls computational re la t ionships by which 

micrometeoro logica l data is obtained from voltage (V) and pulse 

count m e a s u r e m e n t s , and how this data is employed for the e s t ima­

tion of the energy fluxes. The symbols used in this section a r e con­

sis tent with the text and a re defined e l sewhere . Duplication is avoided 

in instances where computational technique has been explained in the 

text. 

Basic Data 

1. Radiation flux density. 

a) Q*=(V/a ) Q j ( c 

b) K l = (V/a)K j 

c) Kf = (V/a) 

d) (Kl + Lt ) = ( v / a ) ( K | + L I J + °-(Th+273. 16)4 

2. T e m p e r a t u r e . 

a) T = V/n(V/n(0 . 0438V/n-0. 4377) + 22. 7) + T is a cubic 
r 

polynomial fitting a s tandard Celsius conversion table for 

compensated copper-constantan thermocouples , where V 

is entered in mill ivolts below the reference and n is the 

number of s e r i e s connected thermocouples . 
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b) For the hemisphere t empera tu re , T , on a py r r ad io -

me te r (see l . d ) , above) and for soil t empe ra tu re , T, 

n = 1. 

c) For the dry-bulb t empera tu re , T , n = 2. 

d) And, since the wet-bulb t empera tu re depends upon four 

junctions between the d r y - and wet-bulbs , as well as two 

junctions for the dry-bulb , the relat ionship becomes : 

V V V V V V 
T = ( ^ + - T ) ( < 1 T + - T E ) ( 0 - 0 4 3 8< -T+ " IT) - 0 - 4377)+22. 7) w 2 4 2 4 2 4 

+ T 
r 

3. Windspeed. 

a) The anemometer provides a pulse signal each revolution. 

The pulses a r e counted and the average count r a t e , N, 

is computed for the sampled interval : 

N = total counts / length of interval in minutes . 

b) Two l inear equations fit the manufac tu re r ' s conversion 

table for the anemomete r s : 

1) N < 210: u = 2. 501N + 13 .62 

2) N > 210: u = 2. 361N + 42.61 

Derived Data 

1. Surface Tempera tu r e . 

See text Equations [3 and 4]. 
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2. Potent ial Tempera tu re (for computational purposes) . 

6 = T , + r z 
d 

3. Latent Heat of Vaporization. 

X = (597-0. 563T ) 
w 

4. Vapor P r e s s u r e . 

a) e = e - Ap(T -T ) 
s d w 

b) e = 6. 1078 exp(17.269T /(T +237.3)) , 
S W W 

Tetens formulation where T > 0 (Murray, 1967). 
w 

c) A = 0.697 x 10~3(1 + 1. 15 x 10"3T ) 
w 

Computational Models 

1. Soil Heat Flux Density. 

G = ifiTfi {C1[(TS-TS ,)+ ( T r T ^ ) ] ( Z l ) 

+ C 2 [ ( T r T ; ) + ( T 2 - T ' ) ] ( z 2 . Z l ) 

+ C 3 [ ( T 2 . T ' ) + ( T 3 . T ' ) 1 ( » 3 . . 2 ) 

+ C 4 [ ( T 3 - T ^ ) + ( T 4 - T ; ) ] ( Z 4 - Z 3 ) } , 

where the pr ime indicates the value at the end of the ave rag ­

ing period. 

2. Bowen Ratio. 

(3 = C p(9 -?J/ \€(I -7 j 
p 1 L 1 L 
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3. Uncorrected Aerodynamic Sensible Heat Flux Density. 

H = pC k2(60 s e c / m i n ) ( i - 9 J ( u - u j / d n z ^ z j 2 

p 1 2 1 2 1 2 

4. Uncorrected Aerodynamic Latent Heat Flux Density. 

2 — — — — 2 
\ E = p\k (60 sec /min) (e -e )(u -u )/(ln z /z ) 

5. Richardson Number. 

( e . - e - ) ( z . z , ) l / 2 ( l n z . / z j 

Ri = ( j £ )( l 2 lJ_ 2 * 2 ) 
O ^ ) 1 ' +273.16 ( u r u 2 ) 

6. Stability Correc t ion T e r m . 

a) if Ri < 0, <j> = ( l - 3 4 R i ) ° ' 5 5 

b) if Ri > 0, <j> = ( l + 3 4 R i ) " ° ' 5 5 



113 

APPENDIX IV 

The Uncertainty of Measurement and Analysis 

A general technique for the evaluation of the uncer ta in t ies of 

measu remen t s and of analyses has been used to aid in the in t e rp re t a ­

tion of this r e s e a r c h . Techniques of this type a re not common in 

micrometeoro log ica l s tudies, and a method for the objective a s s e s s ­

ment of e r r o r s has long been needed. The methods employed in this 

section a re adapted from Numerical Mathematical Analysis by 

Scarborough (1966). Application to the various measu remen t and 

analytical equations used in this r e s e a r c h will be shown by way of 

examples . The development begins with an exposition of the bas ic 

method, and then continues with the successive a s s e s s m e n t of the 

uncer ta in t ies associa ted with the measured micrometeoro log ica l 

p r o p e r t i e s . This provides a bas i s for the es t imat ion of uncer ta in t ies 

associa ted with the analyses of the various energy budget components . 

The resu l t s of these calculations were summar ized e a r l i e r in Chapter 

III, Table 1, Overal l System Per fo rmance , and in Chapter IV, Table 

2, Average Uncertainty of Flux Density Evaluation. 

The Basic Relat ionships 

A measu remen t or est imation, M, can be expressed in a 

general way as some function of the va r iab les , y., which contribute 
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to its determination: 

M = (y1»-y2' " ' ' y n ) # 

Errors in the variables, 6y., produce error, 6M, in the meas­

urement, so that the determination is actually 

M + 6M = (y.+6y_,y_ + 6y.,, . . . , y +6y ). [iV-l] 
1 1 L L n n 

The measurement error, 6M, can be isolated by expanding 

this function using Taylor's Theorem, ignoring the small terms in the 

series, and then subtracting Equation [iV-l], to yield: 

6M 6y,8M/8y. + 6y09M/9y0 +. . .+ 6y 9M/9y . [lV-2] 
1 1 L L n n 

This is the general formula for computing the error of a function hav­

ing absolute errors 6y.. It is interesting to note that this formula is 

the total differentiation of the function, M. 

When 6y. is not considered an absolute limit but rather a 
I 

randomly distributed uncertainty or probable error, the overall error, 

6M, is more adequately represented by a comparably derived formula 

based upon the principle of least squares: 

2 2 2 \/Z 
6M = [(6y. 8M/8yJ + (6y0 8M/8yJ +. . . (6y 9M/9y ) ] .-[lV-3] 

1 1 L L n n 

Relative error is often a useful index to the error of measurement. 
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The relative error of y. is the ratio of 6y./M. Correspondingly, 

the relative error of M expressed in Equation [lV-2] is 

6M/M = (6y. /M)(8M/8yJ + (6y0 /M)(8M/8yJ J1 1 Z J 2 

+ . . .+ (6y /M)8M/8y ). 
n n 

When 6y. is randomly distributed as in Equation [lV-3], the relative 

error is 

6M/M = [(6y /M)2(8M/8y )2 + (6y2/M)2OM/9y2)2 

+ . . .+ (6y /M)2OM/8y ) 2 ] l / 2 

n n 

The following formulae illustrate some of the ways by which 

derivatives may be calculated: 

1) When the functional relationship of M is a product, such as 

Ayr / 4. u\ m n P 

M = (constant)y Y?Yo > 

then the derivatives, 8M/3y., are: 
I 

and 

8M/8y = mM/y = (constant)y YoY^ 

8M/8y = nM/y = (constant)y y y^ ; 

8M/8y^ = pM/y = (constant)y Y?Yo 
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2) When the funct ional r e l a t i o n s h i p i s a s e r i e s of s u m s of p r o ­

d u c t s , then the d e r i v a t i v e s a r e c a l c u l a t e d a c c o r d i n g l y . F o r 

e x a m p l e : 

y l + y l + y i 

9 M / 9 y = 3y + 2y + 1. 

3) H o w e v e r , if the function is a s u m of independen t v a r i a b l e s , 

then the d e r i v a t i v e s a r e a l l equa l to 1. 

M e a s u r e m e n t C o n s i d e r a t i o n s 

The fol lowing t r e a t m e n t a s s u m e s that the s e n s o r is p e r f e c t l y 

c a l i b r a t e d , tha t it fai thful ly r e p r e s e n t s the p r o p e r t y to be e v a l u a t e d , 

and t h e r e f o r e the u n c e r t a i n t y of m e a s u r e m e n t d e p e n d s on the p e r f o r m ­

ance of the da t a a c q u i s i t i o n s y s t e m . Of c o u r s e , m e a s u r e m e n t s a r e 

sub jec t to both s y s t e m a t i c and r a n d o m e r r o r s . T h e s e two c l a s s e s of 

e r r o r s c o n t r i b u t e to the u n c e r t a i n t y of m e a s u r e m e n t in d i f fe ren t w a y s . 

S y s t e m a t i c e r r o r s r e d u c e a c c u r a c y , whi le r a n d o m e r r o r s r e d u c e 

p r e c i s i o n . 

In s o m e i n s t a n c e s the effects of s y s t e m a t i c e r r o r s a r e m i n i ­

m i z e d if the a n a l y s i s r e q u i r e s only knowledge of d i f f e r e n c e s in v a l u e . 

F o r e x a m p l e , o f f se t s in t e m p e r a t u r e m e a s u r e m e n t due to s y s t e m a t i c 

e r r o r s c o m m o n to both s e n s o r s a r e c a n c e l l e d if t e m p e r a t u r e d i f f e r ­

e n c e s a r e m e a s u r e d . Thus if the r a n d o m e r r o r s a r e s m a l l , the 
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measured t e m p e r a t u r e difference may faithfully r e p r e s e n t the t rue 

t empe ra tu r e difference, even though the individual m e a s u r e m e n t s 

were quite inaccura te in absolute t e r m s . 

Measurement System Specifications 

The extent to which uncer ta in t ies in m e a s u r e m e n t influence the 

de te rmina t ion of mic rometeoro log ica l p rope r t i e s u l t imately r e s t s with 

the per formance of the data acquisi t ion sys t em. The manufac tu re r ' s 

specifications for the i r equipment can be used to de te rmine the 

expected per formance l i m i t s . These l imi ts can then be tested and 

confirmed by the u s e r . The specifications of the sys tem used in this 

study a re summar ized in Table I V - 1 . 

Table I V - 1 . Pe r fo rmance specifications of the data 
acquisi t ion sys t em. * 

Conditions Accuracy P r e c i s i o n 

Daily ca l ibra t ion, ±0. 007% of scale ±0. 001% of scale 
Ambient t empera tu re 
24° C to 26° C, and ±0. 004% of reading 
1 /6 second per 
reading ±4 microvol t s 

'VlDAR 520 Integrat ing Digital Vol tmeter and VIDAR 610 
Scanner with VISCAN 3 gold reed swi tches . 

The total e r r o r is the sum of the e r r o r s in accuracy and in 

prec is ion of m e a s u r e m e n t and depends on the vol tmeter scale and on 

the value of the reading; thus it is not a fixed amount. Note that 
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a c c u r a c y is spec i f i ed to be wi th in 4 m i c r o v o l t s at b e s t , r e g a r d l e s s of 

s c a l e of r e a d i n g . As m a y be e x p e c t e d , the a c c u r a c y of t h i s s y s t e m 

i s not n e a r l y a s good as i t s p r e c i s i o n . 

In the a b s e n c e of add i t iona l c o n f i r m a t i o n of t h e s e s p e c i f i c a t i o n s 

it m a y not be p o s s i b l e to d i s t i n g u i s h b e t w e e n s y s t e m a t i c and r a n d o m 

m e a s u r e m e n t e r r o r s . C o n s e q u e n t l y , the to ta l e r r o r in any g iven 

m e a s u r e m e n t m a y have to be c a l c u l a t e d in c o n s i d e r a t i o n of i t s p r o b ­

a b i l i t y of o c c u r r e n c e , r a t h e r than a s an a b s o l u t e of fse t . On the o t h e r 

hand , if the p r e c i s i o n of m e a s u r e m e n t is suf f ic ien t ly good and t e s t 

d a t a is a v a i l a b l e i t m a y be p o s s i b l e to i s o l a t e s y s t e m a t i c e r r o r s , 

wh ich wi l l r e s u l t in r e d u c e d e r r o r , p a r t i c u l a r l y for c o m p a r a t i v e 

(d i f fe rence) m e a s u r e m e n t s . B e c a u s e the a c t u a l m a g n i t u d e of the 

e r r o r s r e m a i n s s o m e w h a t u n c e r t a i n u n d e r a l l c o n d i t i o n s , t h e y m a y be 

a p p r o p r i a t e l y t e r m e d u n c e r t a i n t i e s . 

In the a b s e n c e of t e s t da t a the e x p e c t e d p e r f o r m a n c e l i m i t s c an 

be c a l c u l a t e d f r o m s p e c i f i c a t i o n s . The r a n g e of input s i g n a l s c o m ­

m o n l y e n c o u n t e r e d i s f r o m n e a r 0 to a l m o s t 100 m V . F o r a s i g n a l of 

2 m V the u n c e r t a i n t y r e l a t e d to i t s m e a s u r e m e n t is ob ta ined a s fol lows: 

1) S ta t e the vo l t age m e a s u r e m e n t in g e n e r a l t e r m s : 

V = f ( s igna l + a c c u r a c y t e r m + p r e c i s i o n t e r m ) . 

2) B e c a u s e the e r r o r s a r e not a b s o l u t e l y known the u n c e r t a i n t y 

i s b e s t e x p r e s s e d in l e a s t s q u a r e s f o r m : 

2 2 2 1/2 
6V = [(6 s igna l ) + (6 a c c u r a c y ) + (6 p r e c i s i o n ) ] 
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3) a. If the signal is without e r r o r in r ep re sen t ing the va r i ab le , 

then 6 signal = 0. 

b . Decomposing 6 accuracy into its p a r t s , according to the 

specifications for the equipment, gives: 

6 accu racy = (6 scale + 6 reading + 4 mic rovo l t s ) , 

or 

(0.00007x lOmV + 0 .00004x2mV+ 0.004mV) = 0.00478 mV. 

c. Decomposing 6 prec i s ion the same way gives: 

6 p rec i s ion = (6 scale) = 0.00001 x 10 mV = 0.0001 mV. 

4) The calculated total uncer ta inty in measur ing the 2 mV signal 

is thus: 

6V = [0+ (0. 0047 8 mV) 2 + (0. 00001 mV) 2 ] = 0.0047 8 mV. 

Note that the l a rge s t par t of this uncer ta in ty is due to the 

4 microvol t (0. 004 mV) inaccuracy l imi t . 

F igure IV-1 i l lus t ra tes the calculated uncer ta in ty l imit (upper 

curve) for the sy s t em. The jump at 30 mV is due to the change in 

scale of the vo l tme te r , which affects the l e a s t significant digit of the 

m e a s u r e m e n t . The lower curve will be d i scussed in the next sect ion. 

Measu remen t System Pe r fo rmance 

Test data for evaluating the per formance of the m e a s u r e m e n t 

sys tem was obtained only for t e m p e r a t u r e . However, it will be shown 

how this data can be used to calculate the random e r r o r s of voltage 
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Figure I V - 1 . Uncertainty of voltage m e a s u r e m e n t . 
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m e a s u r e m e n t , for which the uncer ta in t ies inherent in mos t of the 

other m e a s u r e m e n t s and analyses can be es t ima ted . 

Eve ry t empe ra tu r e determinat ion depends on the m e a s u r e m e n t 

of the thermocouple signal, the re fe rence junction t e m p e r a t u r e , and 

the var ious connectors and cables through which the signal p a s s e s . 

E r r o r s assoc ia ted with t empera tu re de terminat ion can or iginate in any 

one of these sou rces . Evaluation of these e r r o r s becomes poss ible 

when an independent t empera tu re s tandard , such as an ice bath, is 

included in the exper imenta l design. 

F o r t e m p e r a t u r e de te rmina t ions thermocouple voltage m e a s u r e ­

ments a r e made with r e spec t to a s imi la r thermocouple junction 

maintained at a re fe rence t e m p e r a t u r e . A nominal value of 65. 00° C 

was used for this study, which was checked per iodica l ly with a high 

resolut ion m e r c u r y t h e r m o m e t e r . Since the range of t e m p e r a t u r e s 

m e a s u r e d were below the re ference t e m p e r a t u r e the po la r i t i es of the 

thermocouple voltage signals were made negat ive. 

The manufacturer ' s specifications for the re fe rence junction a r e 

that it will exhibit no m o r e than ±0. 05° C t empora l var ia t ion from the 

set point t e m p e r a t u r e , and no more than ±0. 05° C spatial var ia t ion 

between the 48 junction c i rcu i t s incorpora ted within it. Labora to ry 

t es t s have confirmed that the spatial var ia t ion is l e s s than 0. 01°C 

(Gay, 1972). 

System per formance was evaluated during field m e a s u r e m e n t , 
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by monitoring an ice bath with a single thermocouple (identical to the 

soil t empera tu re thermocouples) which was o therwise subject to all 

m e a s u r e m e n t sys t em e r r o r s . The ice was made from dist i l led wa te r , 

then crushed and mixed with dis t i l led water in a t h e r m o s . The 

equi l ibr ium t empe ra tu r e of this mix ture is ve ry close to 0°C, by 

definition. Any differences from zero a r e useful in the evaluation of 

the prevai l ing sys temat ic and random e r r o r s over the observa t ion 

per iod. 

F igure IV-2 shows a plot of the var ia t ion in the m e a s u r e d t e m ­

p e r a t u r e of the ice bath as a function of t ime (dashed line) during the 

4 September 1969 observat ion period. The genera l shape of the t e m ­

p e r a t u r e curve appears to contain three p a r t s : 

1) An offset of the data from 0°C, which obviously r e p r e s e n t s 

the l a r g e s t pa r t of the m e a s u r e m e n t inaccuracy . This offset 

includes the uncer ta inty in knowing the actual t e m p e r a t u r e of 

the re fe rence junction, the effect of any spur ious voltages 

genera ted in the cables , connectors or switches in the t e m ­

p e r a t u r e signal path, and any cal ibra t ion e r r o r s in the volt­

m e t e r . 

2) A t ime varying change in the offset. This pa r t could be due to 

t e m p e r a t u r e effects on the above fac to r s , including t empora l 

changes in the re ference junction. 

3) A random sca t t e r of the data about the r egu l a r pa t te rn 
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d e s c r i b e d a b o v e , r e p r e s e n t i n g the u n c e r t a i n t y in m e a s u r e ­

m e n t p r e c i s i o n and thus the l i m i t in s y s t e m r e s o l u t i o n . 

S ince the t e m p e r a t u r e of the i ce ba th is known (0°C) the p r e s e n c e 

of t h e s e t h r e e p a r t s i s a d i r e c t m e a s u r e m e n t of the to t a l u n c e r t a i n t y 

of t e m p e r a t u r e d e t e r m i n a t i o n : 

6T = offset e r r o r + t i m e v a r i a t i o n e r r o r 

+ r a n d o m m e a s u r e m e n t e r r o r . 

The i ce ba th d a t a can be f i t ted to a p e r i o d i c funct ion (so l id l i n e ) , 

and the offset and t i m e - w i s e e r r o r s can be found a s p a r a m e t e r s in t he 

func t ion . The r a n d o m m e a s u r e m e n t e r r o r s wi l l be e x p r e s s e d by the 

s t a n d a r d d e v i a t i o n , s, of the d a t a f r o m the f i t t ed funct ion . F i g u r e 

I V - 2 s u g g e s t s a t r i g o n o m e t r i c funct ion of the f o r m : 

T = A + B c o s c o t + s . 

The l i m i t of 6T c o r r e s p o n d i n g to a 0. 95 p r o b a b i l i t y would be g iven 

by: 

6T = A + B cos cot + 1. 9 6 s . 

F o r the ice b a t h d a t a A = - 0 . 2535° C, B = 0. 015° C, and 

s - 0. 0 0 7 5 ° C . 

The r a n d o m vo l t age m e a s u r e m e n t u n c e r t a i n t y m a y now be 

d e t e r m i n e d . The func t iona l r e l a t i o n s h i p of T a s a funct ion of V, 
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in m i l l i v o l t s , for a s i ng l e c o p p e r - c o n s t a n t a n t h e r m o c o u p l e i s 

T = V(V(aV-B) + c) + T , [ l V - 4 ] 
r 

w h e r e a = 0. 0438 , b = 0 . 4 3 7 7 and c = 2 2 . 7 . N o r m a l l y T would 

be 65 . 00° C, but in th i s c a s e is can be r e g a r d e d a s a l s o inc luding 

s y s t e m a t i c e r r o r s A and B cos cot, which a r e c o n s t a n t at any 

g iven t i m e . 

A c c o r d i n g to E q u a t i o n [ lV-2 ] the u n c e r t a i n t y in the t e m p e r a t u r e 

m e a s u r e m e n t i s : 

6T = 6V(9T/9V) . [ I V - 5 ] 

C o n v e r s e l y : 

6V = 6 T / ( 9 T / 9 V ) . 

D i f f e r e n t i a t i n g E q u a t i o n [ l V - 4 ] g i v e s : 

9 T / 9 V = 3 a V 2 - 2bV + c [ l V - 6 ] 

Tak ing 6T = 1. 9 6 s , and comput ing 9 T / 9 V o v e r the r a n g e of v o l t ­

a g e s u s u a l l y e n c o u n t e r e d shows that 

22. 7 ° C / m V < 9 T / 9 V < 26. 5 ° C / m V . A va lue of 2 5 ° C / m V m a y be 

t aken as t y p i c a l . Solving E q u a t i o n [ l V - 5 ] g ive s 

6V = 1. 96 x 0. 0075 /25 = 0. 00059 m V . 

T h i s f igu re is s l i g h t l y m o r e than o n e - t e n t h a s l a r g e a s the 
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calculated uncer ta in ty l imit of 0. 00478 mV presen ted e a r l i e r . For 

compar ison, the m e a s u r e d value of this uncer ta in ty is drawn as the 

lower curve of F igure I V - 1 . This indicates that a significant port ion 

of the uncer ta inty is sys temat ic in na tu re . It is of in te res t to note 

that the difference is close to the 4 microvol t accuracy specification 

l is ted on Table I V - 1 . There fore , this l a r g e r port ion of the uncer ta in ty 

becomes impor tant mainly when the absolute value mus t be known, and 

may be re la t ive ly unimportant when differences in value a re of pr imary 

in te res t . 

Uncer ta inty of Radiation Determinat ions 

Unfortunately, it was not possible to have test data on a voltage 

s tandard . As a resu l t the uncer ta inty calculat ions for radia t ion a r e 

based upon the total expected uncer ta inty as calculated from the m e a s ­

urement sys tem specif icat ions. It will be seen that the uncer ta in ty of 

radiat ion de te rmina t ions is quite smal l , anyway. 

Most of the radiant flux densi ty e s t ima te s a re made by applying 

a cal ibrat ion coefficient to the simple m e a s u r e m e n t of the voltage out­

put of the sensor in o r d e r to t r ans fo rm the reading into appropr ia te 

units . The p rocedure for Qf is s im i l a r , except that another t e r m 

must be included to compensate for the radia t ion from the heat sink 

on the unders ide of the ins t rument . 

The uncer ta in ty of the net r ad iomete r for typical midday 
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conditions is : 

Given 1) Q* = (V/a) 
Q* ' 

2 2 
and 2) Q* = 1 c a l / c m min, a = 60 mV cm min /ca l , 

V = 60 mV, and 6V = 0. 0134 mV (see F igure IV- i ; 

The uncertainty of Q* is 6Q* = 6V(8Q*/8V), and 8 Q * / 8 V = l / a , 

6Q* = 0.013 x 1/60 = 0.00022 c a l / c m 2 m i n , or 6Q*/Q* = 0.022%. 

Figure IV-3 graphical ly depicts the measu remen t uncer ta inty as 

developed on a plot of the ins t rument response curve. 

Uncertainty inV—»-| 

\ 
59.987 60 60.013 

Signal strength (mV) 

Figure IV-3 . Measurement uncertainty of net radiat ion for an 
ins t rument having cal ibrat ion coefficient, a, of 
60 mV cm min /ca l . 
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Simi la r calculat ions for Ki and Kf suggest their re la t ive 

e r r o r to be slightly l a r g e r ( ~ 0. 05%) p r i m a r i l y because of sma l l e r 

values of the cal ibrat ion coefficient, a, for the ins t ruments used. 

The allwave incoming flux density, Qi = Kl + L i , r e su l t s 

from the re la t ionship 

Qi = ( V / a ) Q i + L(T h ) , 

where L(T. ) is the compensation t e r m for longwave radia t ion to the 
h 

unders ide of the ins t rument . Therefore , for this m e a s u r e m e n t the 

uncer ta inty of Qi can be wri t ten 

6Qi = { [6VOQi/8V)] Z + [ 6 T J 8 L / 8 T J ] 2 } 1 7 2 , 
h h 

where , from the Stefan-Boltzmann law, 

4 2 
L = cr(T +273. 16) c a l / c m min, 

h 

and 

BL/aT^ = 4cr(T +273. 16)3 c a l / c m 2 m i n °C. 
h h 

2 2 
If Q i = 1. 8 c a l / c m min, a = 60 mV cm m i n / c a l , T, = 25°C and 

h 
6T, = -0 . 25°C, the r e su l t is 6Q i = 0.0008 c a l / c m min, or about 

h 

0. 04%. 

The r ad iome t r i c surface t empera tu re is based upon the re la t ion­

ship 

Lt = Qi - Kt - Q*. 
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Consequently, the uncer ta in ty is 

6Lt = [(6Qj)2+(6Kt)2+(6Q*)2] - 0.0009 c a l / c m 2 m i n . 

A typical value for L 1 is 0.65 c a l / c m min, so that the re la t ive 

e r r o r is around 0. 15%. Employing the Stefan-Bol tzmann law the s u r ­

face t e m p e r a t u r e is 

TS + 273. 16 - ( L f / € c r ) l / 4 , 

and the uncer ta in ty is 

6TS = 6 L t ( a T S / a L t ) - (0.0009 x 298)/(4 x 0.65) 

~ 0. 10°C. 

If the surface emiss iv i ty is 0. 9, then L f is only 0 .58 , and the 

uncer ta in ty i n c r e a s e s to 0. 11°C. 

Uncer ta in ty of the Tempera tu r e and Vapor P r e s s u r e M e a s u r e m e n t s 

It has p rev ious ly been shown that the m e a s u r e d t e m p e r a t u r e 

using a single thermocouple may be in e r r o r by as much as 

-0 . 2535 ± 0. 015 ± 0. 0075(1. 96)° C. This uncer ta in ty e s t ima te is not 

applicable in ins tances where t e m p e r a t u r e differences a r e of i n t e re s t . 

This is due to the sys t ema t i c e r r o r s in the m e a s u r e m e n t , which cancel 

out unless the differences a r e taken over t ime. The random e r r o r s 

must be t r ea t ed in l e a s t squares fashion, however : 
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6 ( T 1 - T 2 ) ^ 6 T 1 - 6 T 2 

= (A+B cos cot+1. 96s) - (A+B cos cot+1. 96s) 

= [ ( 1 . 9 6 S l )
2 + ( 1 . 9 6 s ) 2 ] 1 / 2 

= 0 .021°C. 

Over per iods of an hour the maximum difference in the B cos cot 

t e r m is 0 .006°C, which could inc rease the uncertainty to 0. 027° C, if 

not taken into account (see F igure IV-2). 

Dry-Bulb Tempera tu re s 

When the sensor employes two se r ies -connec ted thermocouples , 

as in the dry-bulb instrument , the uncertainty changes because the 

r e sponse curve is different. The functional re la t ionship for the d r y -

bulb sensor using two thermocouples is : 

T , = (V/2)[(V/2)(a(V/2)-b)+c] + T . a r 

The der ivat ive of this relat ionship is 

dT^/dV = (l /8)(3aV2-4bV+4c) . 
a 

The value of this der ivat ive is close to 12. 5°C/mV for typical values 

of V, and is only half that of a single junction thermocouple . Thus, 

the random uncerta inty of the dry-bulb m e a s u r e m e n t (see Equation 

[IV-5] ) is : 



131 

6T J = 6V(9Tn /aV) 
d d 

= 0.00059(12.5) = 0 .0074°C, 

the value of 6V having been calculated on page 125. 

For two such s e n s o r s the random uncer ta in ty in knowing their 

t empera tu re difference is : 

6 ( T r T 2 ) = [ ( 6 T 1 ) 2 + ( 6 T 2 ) 2 ] 1 / 2 

= \TZ(0. 0074) = 0 .010°C. 

Wet-Bulb T e m p e r a t u r e . The wet-bulb t e m p e r a t u r e depends on 

4 se r i e s -connec ted thermocouples re fe renced to the dry-bulb t e m ­

p e r a t u r e . The functional re la t ionship for the wet-bulb i s : 

T = (V/4)[(V/4)(a(V/4)-b)+c] + T , , w d 

and its der iva t ive i s : 

9T /8V = ( l /64)(3aV 2 -8bV+l6c) . 
w 

Typically, 3T /dV = 5. 8°C mV as a resu l t of the g r e a t e r voltage 
w 

output of the 4-junction thermocouple . The random uncer ta in ty of 

wet-bulb m e a s u r e m e n t would be: 
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6T = [(6V(8T /8V))2+ ( 6 T ) 2 ] 1 / Z 

w w d 

= [(6V(8T /8V))2+ (6(dT^/dV))Z]l/Z 

w d 

= [(0. 00059 x 5. 8)2+ (0. 00059 x 12. 5 ) 2 ] 1 / 2 

= 0. 0081°C. 

Vapor P r e s s u r e . Vapor p r e s s u r e , e, de te rmina t ions depend 

upon the m e a s u r e d wet- and dry-bulb t e m p e r a t u r e s . For flux ana lys i s 

only vapor p r e s s u r e differences a re used, so that the random u n c e r ­

taint ies of the d ry-bu lb (0.0074°C) and wet-bulb (0.0081°C) a r e of 

p r i m a r y in te res t . 

The vapor p r e s s u r e of water in the a i r is given by the r e l a t ion ­

ship: 

where 

and 

e = e o - Ap(T -T ) , [ lV-7] 
s r d w 

e = 6. 1078 exp(17.269T /(T +237.3), 
S W W 

A = 0.697 x 10"3(1 + 1.15 x 10~3T ) . 
w 

In genera l form, the random uncer ta in ty of a vapor p r e s s u r e 

de te rmina t ion would be: 

6e = [(6T (8e/8T ))2+ (6T,(8e / 3 T J ) 2 ] 1 / 2 

w w d d 

The n e c e s s a r y der ivat ives , from Equation [ lV-7], a r e : 
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6. 1078[exp(17. 269T )/(T +237. 3)]( 17. 269 x 237. 3) 
de w w 

+ Ap a T w T 2 + 2 T 237.3 + (237 .3 ) 2 

w w 

- 0.442 exp(17T /247) + 1.09 
w 

- 1. 72 m b / ° C ; 

and 

B e / a T , - -Ap - -1 .09 m b / ° C . 
d 

The r e su l t an t uncer ta inty is: 

6e = [(0.0081 x 1.72)2+ (0.0074 x ( - 1 . 0 9 ) ) 2 ] l / 2 

= 0.016 mb, 

and the cor responding random uncer ta inty of a difference in vapor 

p r e s s u r e de te rmina t ion would be: 

6 ( e r e 2 ) = [ ( 6 e i ) 2 + ( 6 e 2 ) 2 ] l / 2 

= N / T ( 0 . 0 1 6 ) = 0. 023 mb . 

Uncer ta inty of the Soil Heat Flux Analysis 

The evaluation for soil heat flux, G, uses m e a s u r e d soil (T) 

and surface (TS) t e m p e r a t u r e s . The uncer ta in ty of the soil heat 

flux evaluat ion is thus re la ted to the uncer ta in ty of these m e a s u r e ­

m e n t s . The evaluation also depends upon knowledge of the vo lumet r ic 

heat capaci ty (C) of the soil and of the p lacement (z) of the 
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s e n s o r s from the surface. As has a l ready been stated, it is a s sumed , 

for purposes of this d iscuss ion, that constants such as these a re 

known without e r r o r . 

Essent ia l ly , the soil heat flux analys is used in this study con­

s i s t s of computing the r a t e s of t rans fe r a c r o s s four soil l a y e r s , 

which a r e then added to give the total: 

G = G + G 2 + G + G 4 . 

The determinat ion of G. at each level r equ i r e s two t e m p e r a ­

ture difference measuremen t s taken over t ime in addition to the 

appropr ia te constants . The de te rmina t ion of G. uses surface 

t e m p e r a t u r e measu remen t s , for which the uncer ta in ty of the differ­

ence over t ime is : 6(ATS) = 0. 14° C. The remaining computations 

use soil t empera tu re measuremen t s which have a max imum u n c e r ­

tainty of a difference determinat ion over t ime of: 6(AT) = 0. 027° C. 

The above relationship for soil heat flux theore t ica l ly extends 

to the depth beyond which no energy is t r a n s f e r r e d . Thus, at the 

lowest level AT = 0, so that the following uncer ta in ty equation has 

only one difference determination assoc ia ted with the las t t e r m : 
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6G _ r 6(ATS) 9 G 1 2 6(AT) 8 G 1 ^-,1/2 

r 6(AT) 9 G 2 2 6(AT) 9 G 2 2 ^ / 2 
U G BAT j ' l G 8 A T 2

J 

r 6(AT) 8 G 3 2 6(AT) 8 G 3 2,1/2 
l{ G 9AT ' l G 3AT 3 ' J 

• r6 (AT) 8 G 4 
L G 9 A T 3

J 

This equation simplifies in form, showing that the apportioning 

t e r m , | G. /G | , can be factored out of each t e r m in square b r a c k e t s : 

6G _ G l r , 6 ( A T S K 2 / 6 ( A T ) , 2 1 l / 2 ° 2 f < 6 ( A T ) , 2 . , 6 U T ) . 2 , 1 / 2 
"G" G " U ATS ) + ( ~ A T ~ ) J + " G " L ( ~ A T 7 ) + ( ~ A ~ T 7 ) J 

x ^ It 6 ( A T ) > 2 . J U T ) . 2 , 1 / 2 , G 4 r 6 ( A T ) 1 
+ 7̂ " L * A rp J + I A rr, J J + "77" L I A rj, | J • 

Other simplif ications can also be made for computational purposes by 

factoring out \/2 6(AT) from the middle t e r m s . 

For 0900 hours of 4 Sep. 1969 the total and t e r m wise values of 

the soil heat flux were: G = -0 . 1022, G = -0 . 0549, G = -0 . 0394, 

2 G0 = -0 .0276, and G,, = 0.0197. The units of G a re c a l / c m min. 3 4 

At this time the approximate t empe ra tu r e differences were : 

ATS = 12°C, AT = 7.5°C, AT2 = 2°C, and AT 3 = 0 .4°C . 
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Computing the re la t ive uncer ta in ty from these values it is found that 

6G /G — 4 , 3 % . This amount may be taken as nominal for the soil heat 

flux ana lys i s . 

The Uncertainty of the Bowen Ratio Model 

Application of the Bowen rat io depends upon t e m p e r a t u r e differ­

ence m e a s u r e m e n t s , vapor p r e s s u r e difference m e a s u r e m e n t s , net 

radia t ion m e a s u r e m e n t s and soil heat flux evaluat ions . Thus, an 

inc reas ing number of t e r m s enter into the uncer ta in ty calculat ion as 

flux ana lys is p roceeds . These introduce not only the uncer ta in ty of 

knowing the micrometeoro logica l p r o p e r t i e s , but also the functional 

dependence of the flux on these p rope r t i e s as depicted by the model . 

The Bowen rat io is calculated: 

(3 = (pC / \€) (A0/Ae) . 
P 

The random uncertainty of the Bowen ra t io is*. 

6(3 = { [ ( 6 ( A 0 ) ( 6 ( 3 / a A e ) ] 2 + [ 6 ( A e ) ( 9 ( 3 / a A e ) ] 2 } * / 2 . 

The random uncerta int ies of the t empe ra tu r e and vapor p r e s ­

sure differences were calculated e a r l i e r a s : 

6(A0) = 0 .010°C, 

and 
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6(Ae) = 0. 023 mb. 

The der iva t ives of (3 with r e spec t to AG and Ae a r e 

s imply: 

ap/9A9 = ( 3 /A6 , 

and 

ap/9Ae = (3/Ae. 

Latent heat t ransfer is calculated according to this re la t ionship 

when using the Bowen ra t io : 

\E = -(Q*+G)/(l + (3). 

The random uncertainty of this calculat ion would taken the form-. 

The n e c e s s a r y derivat ives a r e : 

9KE/8Q* = - l / ( l + (3), 

8\E/9G = -l /( l+(3), 

and 

8X.E/8P = (Q*+G)/(l+f3)2 . 

The uncer ta inty equation can be stated: 
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6.E ^ [ ( 6 Q , ) 2
+ , 6 G ) 2

+ ( 6 P ) 2 5 ^ ± 5 L 2 ] I / 2 . 

The Bowen ra t io solution for sensible heat t r ans fe r i s : 

H - -(Q*+G)P/(1+P) • 

The development is the same as above, substi tuting H for \K 

and producing these der iva t ives : 

9H/9Q* - -P/( l+P) , 

9H/9G - - P / d + P ) , 

and 

9H/9P = -(Q*+G)/(l + P)2 . 

The uncertainty equation for sensible heat t r ans fe r b e c o m e s : 

6H . - ^ [ f . W + P
2 ( 6 G > 2

+ ,6W2 ^ ± 2 ^ ] l / 2 
P (1+P) 

It is difficult to general ize with r e g a r d to the magnitude of the 

Bowen rat io uncertaint ies encountered at the pumice s i te . In re la t ive 

t e r m s it has been found that the uncer ta in ty of the latent heat compo­

nent ranged from about 10% to as much as 50% when vapor p r e s s u r e 

differences were exceedingly smal l . The corresponding uncer ta inty 

range of the sensible heat component was f rom 3% to 15%. Average 

values of 30% for 6XJE/X.E and 9% for 6H/H can be taken as 
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r ep re sen t a t i ve . 

The Uncer ta in ty of the Cor rec t ion Function, <j) 

The co r rec t ion function depends on the s tabi l i ty p a r a m e t e r R 

which in turn depends upon m e a s u r e m e n t s of t e m p e r a t u r e and wind-

speed. The form of the cor rec t ion function i s : 

<|> = ( l±aRi) ± Y 

The uncer ta in ty of this function i s : 

6cf> = | 6Ri(9<f>/9Ri) 

The uncer ta in ty of Ri takes the form: 

, n . / f j : / m 3Ri i2 r c / . 9Ri .2 .1 /2 
6Ri = { [ 6 ( A 9 ) — ] + [ 6 ( A u ) — ] } 

The der iva t ives of Ri a r e : 

9Ri/9A0 = Ri/A9, 

and 

9Ri/9Au = -2Ri/Au. 

The derivat ive 9c()/9Ri makes use of the re la t ion: 

d log u _ J_ du 
dx u dx 



def ining u = <|>, and x = R i : 

9 log cj> = I 
' 8<f> 4> 

2) log 4> = y log( l -aRi ) 

8[y log( l - aRi ) ] - y a 
' 8Ri (1-aRi) 

^ a i L M - \ a 8 R i 

n • l i . -<i>va 

' ' * 8Ri (1-aRi) ' 

The ent i re uncer ta inty s ta tement is thus: 

_, _ ,. 6(A9)Ri.2 6(Au)Ri.2-,l/2 r - ^ y a , 
6 < t > - [ ( ~ I T ~ ) + ( ~ 7 u ~ ~ ) ] [( l-aR i)

] 

In genera l the uncertainty of the co r rec t ion function has been 

found to be in the range of 1% to 2% of the value of the co r r ec t ion 

function. 

The Uncertainty of the Cor rec ted Aerodynamic Model 

The stabili ty corrected aerodynamic analys is for latent heat 

t ransfer is basical ly: 

\E = f(Ae, AU, <|>). 

A corresponding statement for sensible heat t rans fe r i s : 

H = f(A9,Au, 4>). 

file://-/a8Ri
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Both of t h e s e f o r m s a s s u m e a s u i t a b l e m a t h e m a t i c a l d e s c r i p t i o n 

of m i c r o m e t e o r o l o g i c a l p r o p e r t i e s wi th d i s t a n c e f r o m the s u r f a c e , 

and tha t <j> i n c l u d e s c o r r e c t i o n for both p r o f i l e d i s t o r t i o n and eddy 

d i f fus iv i ty . 

The a p p l i c a b l e u n c e r t a i n t y e q u a t i o n s a r e : 

6 \ E = L(6(Ae) — — ) + (5 (AU) — — ) + (6 4> — - ) J 
oAe 3AU 3<p 

and 

6H = [(6(A0)—) +(6(Aa)—) M 6 W - ) ] 

The derivatives are simply formed: 

8X.E 
8Ae 

9XE 
8Au 

d\E 

\E 
Ae 

\ E 
Au 

\E 

4> 

9 H 
8 A G 

8 H 
9 A U 

9 H 
9d> 

H 
AG 

H 
Au 

H 

4> 

As a result of these derivatives it is seen that the relative 

uncertainty is quite readily determined: 

and 

6XE _ ^ 6(Ae)}2 | 6(AU) }2 } 6(d)) 2 , 1 / 2 
\ E Ae AU cj) 

6H = r 6(A9) 2 + 6(Au) 2 + 6(4>) 2 , 1 / 2 
H A0 AU c() 
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For the conditions of the pumice si te it has been found that the 

uncer ta inty in the latent heat flux evaluation ave rages about 25%. Fo r 

sensible heat an average figure of 3% or l e s s is r ep re sen t a t i ve . 
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