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An existing numerical model is used to compare 

e~aporation an~ '~nSible~!it flux from surfaces of var~able 
albedo, vegetation density, and soil moisture. Conditions 

1 

are ~ound for which diff~rences in soil ~oisture can account 
, . 

for, significant air mass différences. The surface 'energy 

and water budget is calculated over an area where these 

differences existe '~he diffetence in air mass 9ver the 

region is found'to affect the time of convective p~ecipitation 

developrnent when large scal~ vertical motion is weak,. It is 

shown that only the average precipitation and land conditions 

of ail area must be acco~nted: for wheI>, using tl en:r:!::, budg~t' 
at a 'single point to represent that for an area. Fihally, 

• . significantly, higher evaporation during dry summer weather is 

shown to oceur from areas after experiencing a decrease in 
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RESUME 

• f 

Un.rnod~le numêrique est utilisê po~r comparer l'êvap-, 
1 ' Q 

oration et le flux de chaleur sensibl~ provenant de surfaces 
, « 

dont on fai/t, varier l' albedo, la couvertrre végétale et 

"-l'humiditê du s9l. Oh a trouv~ les confitions, n~cessaires pour, 

que des diffêrences d' humiditê . du sol fUissent affecter une masse 

d'air. Les êquations d'énergie et d# eau sont appliqu~es à " 
l ' 

une surface 00. existent de telles ~i.~fêrences d' humidi tê. 
~ 

On con~tate que les différences de ~asse d'air qui en rêsultent 

'affectent le temps requis pour dé~lopper des pr~cipitations 
1 . 1 

convectives si le mouvement vertïcal à grande ééhelle est 
ç 

faible. On ~ontre ,aussi que seules la précipitation moyenne et 
1 

les conditions du sol spnt si~ificatives lorsqu'on utilise 
Ir _ 

un poin~ ~our représenter une surface. Enfin on voit qu'une 
<? 

'/ / 
évaporation significativemept plus ~levée a,lieu lors d'êt~s 

secs s'il y' a diminution ~ la surface cultivée. 
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INTRODUCTION 

Large scale weather systems are generally weakest in 

s~er. However, the.most intense precipitation rates usually 

occur d~ri~g this time of year, because of the larger moisture l 

holding capacity of the atm~phere. The nature of most surnmertime 

precipitation is referred te as convective. That is , the extent 

of prec~itation areas is, s~all compared to the normal'distance 

between~eteorOlOgiCal observing stations. (Al~o, the life cycle 

of such areas is'very short compared to one day.) The variability 

of precipitation pattèrns observed in s9rnrner !eads one to believe 
1 _ 

that convective elements, develop randornl'y. Can these seemingly 

random patterns be explained? 

Since differences of the earth's surface exist on the 

convective scale, it seems logical to consider their effect on 

the a~mosphere. The air will attain a different temperature 
1 

and moisture content from place to place over regions containing 

diverse land types. Much research has been concerned with urban 

heat island phenomena (Changnon, 1976; Harnick and Landsberg, 

1973). The effect on precipitation~has been of special interest. 

However, relatively little attention has been given to meteoro-
1 

logical effects of other variations of the earth's surface removed 

from urban areas. Such regions are likely to conta in areas 

cha~acterized!bY differént vegetation types in summer. It is 

conceivable that the differences in air masses genera~ed over' 

such areas are at least as marked as those,between an urban 

-1-' 
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environment and its surrounding area. The present investigation 

1 determines the differences in the air masses over a rural region, 

containing varied vegetation. The effect of these differences 

on the ~evelopment of convective precipitation is studied. 
, l 

Changes in, albedo and vegetation density from place to 
\ 

place may be suspected to account for most of the differences 

in air mass over a rurai landscape. However, the eff~cts of 
l 

soil moisture cannot be ignored. Extreme changes in temperature 

have been observed when air traverses from saturated to dry 
~ . 
~ so~l areas • Holmes (1969) observed variations up to 50 C in 
c 

near surface air temperature, and up to 20 C at 1 km height 

within a horizontal distance of 10 kmslêÔntaining irrigated 

and non-irrigated land, in Alberta. Of course, variations in 

soil mo~ are not only the,result of irrigation practices. 

They can appear also due to differences in vegetation, soil, o~ 
~ , 

the scattered nature of summertime precipitation. The conditions 

of vegetation, soil, and precipitation necessary to affect' 

differences in soil moisture and air' mass over a region, is 
r • 

stud~ed. 1 

The effect of land use on climate is of general interest 

and concerne For exarnple, there has been much speculation about 

the effect of poor land management on the drought of the Great 

Plains in the early 1930's. 
t}; 

More recently, there has been a 
;' 

decrease in farmland in parts of Canada and the United states. 
\ ' 

In this case,-the abandoned land continued to support vegetative 

growth; with the gradual return of forest vegetation in sorne 

areas., Another object of this study is to assess the effect 
1 1 

of this recent change in land use on the atmosphère, during a 
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surnrner periode In~doing so,' the evaporation and sensible' heat . 
flux from the earth's surface is calculated,over a land area. 

Numerous previous, studies required such calculations over yet 

larger regipns. These include Vo~inckel (1965), Ninomiya (1968), 

" " and ~orin (19?3). In rnost cases it h~s only~been feasible to 
\ . 

make calculations at widely spaced points, where rneteorologic~l 

conditions are observed. The values of evaporation and sensible 
1 

heat flux are then assumed to exist for the area surrounding 

the points. 
l' 

The validity of this assumption ,is tested, con-
, 1 

sidering the local variation in air rnass within a land area 

conta1ning diverse vegetation types. 
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CHAPTER Il 

E EFFECT OF THE EARTH'S SURFACE ON THE ENERGY BUDGET 

The differences in air mass which' can develop in a 
\ 

1 • 

regi n containing diverse land surfaces are'pbtained by first 
\ .~ . 

calcdlating the differences in evaporation an4:sensible heat 

flux \turbulent fluxes) 'from those su~aceL s;eCificall~. ~he 
effec,s of va~iations in albedo and vegetation on the turbul~nt 

fluxeS will be~compared to those of variations in soil moistûre .. 

The turbulent fluxe~ ~re obtained, as parti,al results from an 

existing numerical model. This model simulates th~ energy and 

water budgets at the in~erface ~etwqen earth and atmosphere 

(~ereafter referred to as an energy budget model). The choice 
\' 
,'r 

and limitations of suçh a model must flrst be considered. 

..... 

IIA., Choice of Model 
t 

For aIl energy budget programmes which do not use ~\ 

pbserved ground surface temperature, the basis of calculation ,. 

is'the same. It is assumed that for each time step the~~is 
, 

no change ~n ene~gy storage of an infinitesimally thin surface 
• l , 

layer of the ground. That i 9 , the incoming energy to this top 
~ ~ 

layer is assurned exactly equal to the outgoing quantity of 

energy. These types of models aIl solve for the surface ground 

temperature at which the incoming and outgoing energy are equal. 

This requires an iteration scheme whère the individual energy 

transfer terms, to be discussed'be1pw, must be recalculated 

several times for each time step. This involves considerable 

calculation time. The incoming energy is considered to be made 
1 

1 

-4-
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up of absorbed shortwave "solar radiation incident to the groW1d, 
( 

do~ward longwave en erg y from 'the atmosphere, and heat flux 

received from soil làyers below the top surface. The outgoing 

energy must {hen be comprised of upward longwave radiation from 

the surface, sensible heat flux to the air, and latent heat 

flux, or evaporation, to the air. The ground flux, latent and 

sensible heat fluxes are considered negative if they appear in 

the opposite category. The differences in the models lie in , 
1 

tne method of obtaining these elemenès. The shortwave and long-

wave downward fluxes are either derived or measured, depending 

on the model. The two turbulent fluxes and ground flux are 

aiso derived. The complexity of each of these calculations 
1 

also varies from model to model, while the upward longwave radi-
i 

ation is always a simple known function of the surface ground 

temperature. The method of obtaining each of these other terms 

will determine the pararneters required for their calculation. 

For exarnple, if the downward fluxes of short and longwave, .. 
radiation are obtained directly from measuremfnts, no k,nowledge 

·of the vertical temperature and moisture structure of the atmo

sphere is necessary. However, such measurementsare not common, 
1 

50 most models will calculate the downward radiation terms, 

using the upper air soundings readi1y avai1able every 12 hours 

from points sorne 350 kIns apart. Also, the calculation of sensible, 
, 

• 1 

and latent heat flux requires the knowledge of the air tempera-

ture, dew point, and wind speed near the gnound. These para
I 

rneterS can be obtained from the usual surface weather reports 

available each hour from stations sorne 200 kms apart, or they 

r ------------, 
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can be calculated based on an initial troposphere and the 

input of turbulent fluxes from the previous time step. Myrop 

(1969') derives the turbulent terms by generating winds and ternp-

eratures at various heights from the level of measurement. 

'Thomas (1975) derives the parameters of temperature and dew 

point within a vegetation canopy. 'Vowinckel and Orvig (1972) 

make the calculations directly from the usual~measurement of 

temperature, dew poi~t, and wind. 

In the preserit investigation, the main concern is with 

th~ difference$ caused by surface variations in soil moisture 

available for evaporation. Rence, it is desirable ta choose a 

programme which has the most detailed consideration of the 

surface and subsurface water budget. It is felt that the EBBA 
f 

" 

" / 

model (Vowinckel and Orvig, 1972) meets this qualification. Also, 

the calculations of ~he individual incoming and outgoing energy 

1 terms are nat overly complexe This is desirable for an experi-

ment such as the present, requiring calculations for a great 

number of po'ints. These were the major reasons for choosing 
\ 

the EBBA model for use in this; project. 

lIB. The Madel 
. 

The results of energy'budget calculations over an area, 

can be verified by considering the evaporation. This calculated 

term 15 checked against that obtained direetly from the run~ff 

and rainfall for the àrea. However, an attempt ta d~termine 
, ~ 

the runoff from the region under consideration in this study 

will be difficul~ sinee it is 50 level that ~he river flow will 
<-:> 

have a long response time to rainfall. \ The runoff for individual 

1 

/ 

l'X! 
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short terrn rainfalls, such as those studied, are difficult to 

determine. 
Il 

ft is for this reason that no attempt will be made 

to check the results of the programme in terms of runoff. 

However, the purposes of this~tudy do not require the model to 

simulate an absolutely real situation. Hence, the model utilises 

real data for inpu~ parameters to test the-hypotheses posed in 

the introduction for a possible set of circumstances in nature. 

It is assumèd that the chosen model will give realistic results . 
.... ,,,'. '--_.~ 

." .. ?, 
However ,_~_tne input parameters and assumptions inherent in the 

ff -n,"-;-" ~ 

" calculatT<::ns must be clearly stated in order to determine accur-
1 

ately this set of conditions'~~e~ted and to ànswer the questions 

of this project. T~is will be done in the follo~ing sec~ions, 

where the different parameters are discussed. The details of 

the entire program will not be r~viewed here. The reader i5 

referred to EBBA, An Energy Budget Programme - Vowinckel and 
'\ 

·Orvig (1972), for a detailed account of the procedures of this 
1 

programme. The order of calculations and s~eps not mentioned 

in the ,EBBA publication will now be pr~sented. 

First, in Chapters II and III,the calculations are done in. 

the following order. An initial radiosonde is read in, from 

which is calculated longwave downward radiation, DFL, and the 

solar radiation absorbed by the ground, SGA, which is calculated 

each hour from 'astronomical cons~derations and absorption by 

H20 and CO 2 in the air, as well as albed~ of the ,surface. Next 

the energy budget is balanced at the surface by. determining the 
1 

ground fl~x, FG, upward longwave radiation, UFL, latent heat flux 

~to the air, QE, which depends on the available water for 'evap-

oration from the surface, tha water vapour and temperature 
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gradient and ~ind force above the surface, and finally the 

sensible heat fl'ux to the air, QS 1 which depends on the temper

ature gradient and wind force above the surface. The final stèp 

incorporates QE and QS into the atmosphere ta obtain a new radio

sonde used for the next time step, ~hen the process is repeated • 
• 

This ~done using the subroutine CLOE, the operation of which. 

is not described in literature. Therefore, a brief outline 

about this method shall be given, after Vowinckel (personal 

communicati~n). If QS i9 positive, the surface temperature is 

incr~ased such that a dry adiabatic layer extending upward from 

" the surface de scribes a warming equal to QS. The quantity bf 

water vapour associated with QE is added'evenly through the 

mixing layer. New dew points in the layer are obtained from 

the original speèific humidity at a level plus the'added quantity: 

If QE is negativ~ the procedure is the same but the quantity 

is subtracted. If" QS is negative, the' height of tu:r;bulent. mix-

ing is computed as a function of the wind speed. The surface 
:J'. . , 

temperature is decreased such that a constant grad~ent to the 

top of the level of mixing describes a loss of energy in the 

radiosonde equal to the sensible heat flux lost ta the surface • 

In Chapter IV, the energy budget calculations will be. 

done for a 7\day periJd at 229 points. It was necessary to avoid 

repeating calculations, so SGA was calculated only once and 

reafr in for the calculation at each point. In this case, CLOE 
Il 

is not'used since the surface temperature and dew point are 

calculated from observed values each hour, rather thanderived 

from previous hour's turbulent fluxes. DFL was recalculated at 

.. 

) . 

\ 
i 
,( , 
i 

, ' 
; 
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each point by constructing new soundings with the hourly reports 

of temperature, dew,point, and wind. This procedure will be 

discussed in more detail in Chapter IV. 

IIC. En~rgy Partitionins in the Model 
b 

For the sarne air mass and an "en distribution of 

" 

incoming radiation over an °are~, th~ spatial variation of the 

turbulent flux terms can only'be caused by differences in various • 

ground parameters. The r~sulting variation~ which can be 

generated by differences in the less obvious soil moisture 

"' factor will be compared to that of a'lbedo and vegetation para-

meters. This will be done by changing the various parameters 
fJ. ' 

in'the energy budget programme, one at a time, while'holding 

the others constant. 

IIC1. Albedo' 

Important variations in the turbulent fluxes must of 

course arise from differences in absorbed shortwave energy from .. 
place to place. This can occur from the variability of'reflec-

tivity (or albed~) of a land area. The albedo can range from 

. ~,5 for dense coniferous forest and blackt?p road to .25 for 

~are ground and concrete (Sellers, 1965). To get an idea of. 

~e change in turbulent fluxes one can expect from a variation 

~n albedo, the following nurnerical ~xp~ri~en~ was p~rformed. ~ 
A typioal morning summer radiosonde, represented bY,the dotted 

lines in F.i~~re 1, is placed, over a bare surface which can main

tain potent~al evaporation. The energy budget programme is ~un, 

with ligh~ winds, for 24 hours. The radiosonde~used for eaoh . , 

t 
, J, 

1 

1 
! 

i 

1 
1 
{ 

î 

li, 
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successive hourIs calculation is obtained through the subroutine 
• 

CLOEdescr~bed in IIB. To get maximum,incoming)rndiation, the 

• case i5 run near the beginning of summer, July l, under cloud-

less skies. The resul ts using two' surfaces of different 'albedos 

are presented in Table L 

Table 1- Energy Budget Terme (Calories. 'crn-2 day-Il 
Change in Albedo. '. 

" ALB 

.10 

.15 

.05 

50 

1 

SGA QS J QE QS iQE; UFL 

726 121 435 556 901 

685 108 402 510 903 

DIFFERENCES BETWEEN .10 ,and .15 ALBEDO 

-041 -013 -033 -046 002 

PER CENT CHANGES FROM, .10 ALBEDO, VALUES 
, 

-05. 6 -1 O. 7 -07 .' 6 -08 • 3 00.2 
• 0 

FG DFL 

-23.7 755 
\ 

-24.2 753 

0.5 -002 

02.1 -00.3 
/ 

\1 I~ 

Here it is seen that~the decrease in shO(twave energy 
• 

absorbed between the two surfaces ls almost entirely accounted 

for by a decrease in total turbulent fluxes, i. ~., QE + QS. 

Differences in UFL and FG are negligable in comparison. The 

evaporation term chang~'s by approximately the same amount aS 

the sensible heat flux in terms of percentage. However, the 

absolute ~agnitude of the change in evaporation is greater. 

The comparison of the changes in the two tur~ulent fluxes depends 

on the temperature, dew point, and wind speed. This was seen 

from the results of Le,e (1972). 
1 1 

He also cited a linear relation-

ship between latent heat flux and albedo • The conclusion' here 

15 _. 

.'. 

.. . '. , , 
.' \,' " 

" 
.~ 
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~s that a change in albedo, characteristic of a surface area, . , '\ 

will yield a difference in ~otal turbulent fluxes of the same 

order as the difference in absorbed energy. 

The size of areas characterised by different albedos 

are important when oonsiderirtg local 'air mass differences which 

will be generated from the variations in turbulent fluxes over 

a certain scale. lt is fel t that the extremes in albjd~ (.05 

to .25) could only be found over areas of a scale smaller than 

that being considered here. The scale important to this project 

\ should be no smaller than that of the convective precipitation 

ce il ~ in other words, 5 to 10 km. Kung, Bryson, Lenshow (1964') 

,made measurements of the albedo over areas of about this size 

in Wisconsin. Each such are a was characterised by certain com-

binations of vegetation. The albedos in July ranged between 
"-

.11 and .17,which included areas with a wide variation in forest, 
J 

cover. Hence, oit is believed that the variation in albedo used 

in the above experiment represents the maximum one can expect ( 

in aomixed farmland and woodland area,which is found in eastern 

North America. It is concluded from the experiment discussed 

above that the maximum turbulent flux variations from albedo 

values of the convective seale is about ,la per cent. 

IIe2. Vegetation Density 

lt is observed that\areas of dense vegetation,such ~s 

forests,are assoeiated with lower~temperatures and high7r rela-
\ 

tive humidity than areas of grass 'or erop nearby (Geiger, '1950). 

The comparison of the sensible heat flux and' evaporation rates ' 

from areas of varied vegetation include effects of different 
" 
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1 

albedo, available soil water for transpiration,. as weIl as 

total leaf surface per unit area of gr~und, BLA, The purpose 

of'this section is to study the effect of BLA al one on the turbu-

lent fluxes. This can be done, using 1he programme, by holding 
, 

albedo and soil water constant while changing BLA. 

F6r a land are a covered by vegetation, ±he model considers 

three levels of surface when calculati~g the energy budget. 

The top level represents the first unit of leaf area index which 
\. '\ 

, 
absorbs a large portion of the shortwave energy incident on 

the surface. ~he middle level con~ains the remaining leaf area 

of the-vegetation and absorbs virtually aIl of the shortwave 

energy which penetrates the first level. The turbulent fluxes 

from this layer are enhanced by the additional area from which , 

they èminate.· These fluxes ~re taken to be directly proportion al 

to the unit leaf area index of this layer.' The bottom layer is 

considered to be the ground'which receives little shortwave 

radiation, hence the fluxes are negligibl~. In the following 

experiment, 
\ 

is sufficient to maintain potential ground water 

evaporation at aIl times and the albedo is constant for aIl 

surfaces. The energy budget is calculated for a 24 hour period 

under clear sky in early summer, using the same radiosonde as 

in the previou[ experiment: It is again,modified by incorpor-

ation of the turbulent fluxes using the subroutine CLOE at 

successive hours. The calculations are done over bare ground 

and over land'covered by vegetation with total leaf area index 

equal to 3. Thus, the middle level will have 2 units of leaf 

area index, BLA, and the turbulent fluxe~ as calcuiated from 
o 

1 

.' , 

,'~. 

,~ v,. 
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~ 

the surface temperature, air temperature, dew'point, and wind, 

will be doubled. Table 2 compares the results of the calcu-

lations over bare ground and vegetation. 

Table 2. Energy Budget Terrns (calories crn-2 day-l) - Change 
in Leaf Area Index. 

, 
1 ALB SGA DFL UFL QS QE QS+QE FG 

Bare Ground, .15 685.4 753.4 903.4 108.3 402.8 511.1 -24.2 
BLA • 0 

V~getation, 
-
.15 685.4 746.3 901.8 86.8 435.0 521. 8 -08.0 BLA ::: 3 

The hourly values of QE and QS are plotted in Figure 2. 

The ground flux, FG, is reduced by 16 calories when adding"vege-

tation. This is because the vegetation absorbs rnost of the 

shortwave 'energy before it reaches the ground. The daytirne ground 

surface temperatu~e is not as high when c0vered by vegetation and 
; 

therefore the temperature gradient just below the surface cannot 

drive as rnuch heat away via conduction. It is assumed that no 

conduction of heat takes place through the vegetation itself. 

The outgoing radiation term, UFL, i5 slightly higher over bare , 

soil", indicating that the vegetation surface temperature is 

lower than that of bare ground. This observation i5 quoted by 

Geiger (1950). The incoming radiation i5 smaller over the 

vegetation surface since there are 7 calories less of downward 

longwave radiation. This is an outcome of less sensible heat 

flux calculated from vegetation and will be discussed in detail 

in the neKt l] section. Despite this, the vegetation has 10 more 
1 

• 

\ 
~ 

t 

J 

( , 
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calories to be lost through the turbulent fluxes. Not only i5 

QE + QS higher over vegetation, but there has been a shift of \ 

energy from QS to QE. QS is 20 calories lower while Q~ is about 

30 calorles higher over vegetation. In order ta understand this 

shift, the formulation of the turbulent fluxes must be considered. 

Figure 3 contains calculations of QE and QS for given air temp-
! ' , 

erature and dew point as a function of temperature difference 

between ground and air. The formulation on which the calculations 

are based i5 from Malkus (1962). The latent heat flux decreases 

more rapidly than sensible heat flux when the surface temperature 

lIQE is lowered a given arno~nt. In other w?rds, (lIQS) /lITS > 1 where 

TS is the surface temperature. AIso, (~g~) /l:J.TS increases as the 

air temperature and dew point become larger. When BLA is added 

to a layer, while keeping TS constant, the absolute change of 

QE compared to that of QS is obtained by comparing the magnitude 

of QE to that of QS. In' other words, (l:J.QE) /lIBLA = QE 
lIQS QS' If 

there is no additional energy available to the total turbulent 
, ; 

fluxes, the increase in BLA must be countered by a decrease in 

TS such that there is no change in QE + QS. The direction of 

shift of energy between QE and QS depends\~1 on the compar ison of 

l1QE l:J.QE l:J.QE l:J.QE ' 
(l1QS)/l1TS to (l:J.Qs)/lIBLA. If (l:J.Qs)/lIBLA > (l:J.QS)/l1TS, energy will 

shift from QS to QE, i.e., QE will increase and QS decrease. A 

schematic di~gram of this change is seen in Figure 4. This 
1 

condition is tested for two atmospheric conditions similar to 
il 

those of a surnrner day (Table 3). For most 
1 

1 
l' 

1 
i 
i, 

1 
1 
1 , 
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Figure 4. 

(&QE) 
AOS 
ABLA 

Test for Energy Shift Between QE and OS 

,(~) 
ATS • X 

• y 

, \ 
\ --- - - - -\- - -

A BLA ---7 - A TS 

ABLA 

x>y / 

Energy shifted from OS to QE: 
E 

~)' 
QE increases 
QS decreases 

• x<y 

Energy shifted 
QE decreases 
QS increases 

i X=Y 

No energy shifted.: 
OE and OS ~tay the same 

/ 



;' " 
b' 
:' 

~ 

! 
t 

-
" 

, ' 

'.' 
-19-

Table 3. LQJ 
Response of (105) to Change in BLA and TS for 

Two Air Masses. 

30 30 30 20 20 20 

Air Dew Pt-.(oC) 20 20 20 15 15 15 

, , / 
14 12 10 14 12 10 

(~~) / 6BLA 6.4 6.4 6.7 3.3 3.3 3.3 
" 

(~~) / l\TS 6.1 6.0 5.8. 3.4 3.2 3.1 

lof . roE / ,LQE / the se condJ. tions , (-èQS) 6BLA > (?QS) t:œS. The difference 

between the two terrns becomes greater' as TS is decreased. Hence, 
1 

the shift of energy from QS ~o QE can be expected when comparing 

the turbulent flu~es from bare soil to those from vegetated land. 
~ 

QE increases more than QS decreases since more energy is avail-
1 

able, to QE + QS with the decrease in ground ,flux. The result 
1 

is consistent with the observation of 20 per cent higher 

evaporation from sod as compared to sand, following rain (Geiger, 

1950) • 

It is necessary to determine the mixing __ of the air, from 
" 

, 
inside the canopy of vegetation to the ambient air on' the outside, 

in order to find the contribution of the middle and bottom layer 

on the turbu1ent,fluxes from the top of the vegetation. Thomas, 

(1975) developed a model which ca1culates the temperature and 

dew point i~side the canopy and the mixing of the ~ir inside 
1 

< 
with the ambient air above the vegetation top. He calls the 

fraction of the ~ir which is'~ixed, RLO$S. The net 10ss of 
) , 
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evapor~tion and sensible heat flux from the vegetation is given 
,A 

by the QE and QS from the top layer, plus that from the middle 

and' lower layers multiplied by RLOSS. 
1 

In order for the d~ff~ 
, 

erence between foilage temperature and air temperature to fall 

within the range of observed values in forests on clear summer 

afternoons with light winds, RLOSS must be ~ :9. Here it was 

felt unnecessary to calculate the modification of the air inside 

the "canopy since the mixill':g is l1igh when the turbulent fluxes, 

and hence incoming radiation, are highest. However, this pro-

gramme has used values of RLOSS which did not vary with thermal 

stability. The amount of mixing did vary with wind speed and 

vegetation density. Grass or crop areas are more dense than 

areas of,trees, hence the mi~ing of internaI canopy air was 

taken to be less for the former.' For example, 1 with 2.5 m a sec 

wind, RLOSS for crop was taken equal to .62 while fore st was 
'-, , 

given a value of .88. To study the consequences of these 

values, the following experiment compares 24-hr energy budget 

calculations where RLOSS is varied for an area covered with 

vegetation of BLA = 3 under light winds. The vegetation was 

, again transpirating at poten~ial rate during the periode The

results appear in Table 4. 
1 

-1 

Table 4. Energy Budget Terms (Cal cm- 2 day-~) - Change in Mixing 

IRLOSS ALB SGA DFL UFL, QS QE QS tQE FG 
1 

.62 .15 685.4 747.0 903.3 95.0 426.0 521.0 -8.2 

1.00 .15 685.4 746.3 901.8 86.8 435.0 521.8 -8.0 

1 
~ 
1 \ l 

1 

! 
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As might be expeeted, QE + QS is unaltered sinee there 

is no further reduetion in'FG. The inereased rnixing enhanees 

the effect of adding more area from which fluxes can emanate, 

hence more energy is shifted from QS to QE. If the value of 

RLOSS chosen for a vegetation area is too small, the effect 

of adding BLA is diminished.
1 

To summarise, areas covered with sufficient ve~tation 

to shade the underlying surface from significant shortwave energy 

will have a greater cornbination of evapora~ion plus sensible 

heat loss than others. There will also be a shift'of energy 

,from QS to evaporation. The evaporation may,be as much as 

10 per cent higher from bare gro~~d to cro~ even if both 

surfaces have the same available soil moisture and albedo. , 
, \ 

These differences~l De cornpared to those found from variable 

available soil moisture in the next section. 

IIe3. Soil Moisture 

Variations in soil moisture content will affect the 
, , 

turb~lent fluxes even if the areas ar~ absorping the same 
" l , 

quantities of incoming radiation. This parameter is usually .~. 
1 

expressed in terms of soil saturation with respect to water 
_ -, 

available for evaporation (referred t? ,as available soil w~ter) . 
. ---- - ----- \ ~ 

"Q.-+--1-n::s~"hlrÎ-':e~xtreme values of this pararnete'r will be discussed • 
• 

That is, soil which is cornpletely saturated with available water 

for evaporation (i.e., fille4 to available soil water capacity) 

and soil dried to the point where no further water can be 
, \ 

extracted by evaporation under normal atmospheric conditions 

(no available soil water). The former condition was that used 

j 

1 

1 
,~ 
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for the experiment with albedo in IIel. The drying of the 
1 

soil with time will be discussed i~ the next section, IIC4. 
1 

There it will be seen how the fluxes behave as the surface 

wetness parameter changes between the two extremes presented 

here. 

Although dry soil has a higher albedo than saturated .. 
soil (Seller~, 1965), most land,~here precipitation is no~ 

deficierit, is virtually completely vegetation covered. Such / 

areas will not exhibit changes in albedo as ~he soil saturation 
\ 

varies. \ This was observed by Aase and Id (1975) over mixed 

prairie rangeland. Thus, the following test waS done holding 

the albedo con~tant in both cases. As was the case in the albedo 

experiment, hourly calculations were done for 24 hour~'using a 

typical summertime morning radiosonde for the first time step 

and modifying it each successive hour by inputing the turbulent 
·'1 \ 

fluxes into the atmosphere, using CLOE. The results appear in 

Table 5. 
~ 

Table 5. Energy Budget Terms '-2 -1 
(ealorie~ cm ,day ) 

Dry' and Wet Soils. 

0 

SGA 'ÔFL FG QE QS QE+QS UFL 
, " " 

Saturated .15 685.4 753.4 -24.2 402.8 108.3 511.1 903.4 Soil 
1 

. ~ , 
-14.4 1 Dry Soil .15 685.4 768.1 0 443.8. 443.8 995.5 

1 
l 

1 
~ 

1 
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It is of interest that the DFL term is higher over dry 

soil.'·From a closer examination of nourly fluxes, not presented 

r " 

., , 

here, it was seen that a more rapid warming of the motning inver-

sion was evident over the dry land,~ where QS is considerably 
, 

higher. Thts accounted ,for greater arnounts of DFL from the air 

modified over the dry soil than over the saturated sail in the 

morning, giving a larger 24~hour total. The result of this is 
1 

that the saturated soil receives less incoming radiation than 

the dry soil,' Also, the wet soil is observed to be a better 

conducter of heat than dry soil. The progranune takes this into 

account, and it is seen that the saturated, soil surface looses 

more heat to lower soil layers than the dr~ ·one. Even though 

the saturated soil gains 15 less calories from longwave radia-
o 

tion and looses 10 more calories through conduction èf heat to 

the subsurface, it is most significant that the total quantity 

of turbulent fluxes is 67 calories more than from the dry' soil 

surface. This is because the lack of evaporation èver the dry 
, ... 

surface r,equires the energy budget to be balanced at a higher 

surface temperature. This yields a substantially higher UFL 

s~e the upward longwave radiation is proportion~l to the 

fou~th power of the surface temperature. The same phenomenon 

modelled here is observed by our bodies as a lower skin ,temper-

aturé when transpiring \On a hot day. 

Finally, trere is no doubt from th~se results that ~th 
,1 • 

the, sensible heat flux and evaporation terms are indiv~dually 
; . 

greatly di~ferent between these two extreme land types. The 
,~ 

two extreme soil moisture conditions can exist simultaneously 
~~ 

,) 

1 
! 
1 
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over an are a which becomes very dry from lack of prec,ipitation ~ 

and then receives a scattered pattern ,of rainfall. The variability 

in the turbulent flux patte:r:n,s will be more substantial than 

those generally found from differences in albedo or vegetation 

density. 

IIC4. ,The Development of Soil Moisture Variation with Time 

First, the evaporation of water from non-vegetated 

ground will be considered. Kramer (1949) states that 1itt1e 

-evaporation takes place from depths l?el?w the fir'st foot of 

soil. Veihmeyer (1927) found that in California most eyapora

tion is fro~ the upper 4 i~. of soi1, much less from'the nex~ , 
·4 . ~n. ; and vary little from below 8 in. ',However, no precise' 

values are given. Indeed\ the water depletion with depth from 

bare soil is high1y variable, depending on the type and condi

tion of the soil. The évaporation vs. -depth curve, Fig. 5, 

is constrllcted from thése general reports. We next consi,der a 

vari€ty of 50ils, in terms of texture. Table 6 gives availaQle 
~ 

water holding capacities for a range of 80i18 (Thornthwaite and . \ 

Mather, 1957). 

Tab~e 6. Available Water Holding capacities (m/ro) for 50i15 
of Variable Texture.· 

TYPE TEXTURE NO~. AVAILABLE WATER HOLDING 
JI ~:APACITIES mlm 

Fine Sand 1 .10 

Fine Sandy Loam 2 
1 .15 

Clay L,oarn 3 .25 
! J ~ , 

, ' 
Clay 4 " .30 
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\ 

Figure 5. Evaporation vs. Depth 

. \ 

/ 

l 1.0 il 
• Q 

t 
.9 

r-t 
.,-4 

.8 0 
CIl 

-8 
.7 

-, 
J..I ", 

~. 

""" '" :t 
J- e:: 

0 
.6 

~'- 1ft 

({1 
.,-4 
4J' .-
ltS 
~ 
0 
0.. .5 
ltS 
> 
fa;l. 

r-t .4 
rtS <9 

4J 
0 
E-t 

""" 
.3 

0 

= .2 0 
• .,-4 

4J 
0 
rtS 
J..I .1 ra.. 

, 
0 

2 10 12 14, ' 16 1.8 20 
1 

spi! Depth from TOp'o~ (am) 
' .. 

'.' 

1 ~' 
<1 Il 

1 
.' -

" 

\0 
'-

! r .1 , 
1 



, 
1 

t () 

1 

t 
\ 

! 
'*' 1 

(; 

-26-

\ 

If Figur,e 5 were constructed for each of these soils, the more 

coarse types would have evaporation s~pplied from deeper layers 

and th,e more fine texture soils froIn shallower depths. However, 

the present model will consider evaporation from 6 layers. 

Each layer has been defined in terms of water holding capacities 

+ather than actual depth.~ For a given depth in terms of water 

holding capacity, the real depth i8 deeper for the more coarse 

soil~ Thus, the variation of Fig. 5 between ,poils will be dimin

ished when the evaporation from,various depths is considered in 
1 

terms of water holding capacities. Because of the uncertainity 

of Fig. 5, the following experiment was carried out only to 
\ 

obtain an idea of how the evaporation from bare ground changes 
{ 

with tirne. The tendency will-be compared to that of vegetated \ 

ground iater. 
1 

The experirnent begins with 6 layers of soil, filled to 

,capacity in terms of' available soil water. The ~ayers are 

defined by dividing the total evaporation depth into 6 ev en 
-

parts; i.e., about 17 per cent of the total evaporation will 

corne from each layer. ,The depths in terms of water holding 

capacities given to each layer are from Fig. 5 and the 

water holding capacities, BW,' for soil *3 are presented in 

Table 7. 

Table 7. Available Sç>il Water Capacity of Soil,Layers, BW. 

Layer 1 2 3 4 5 6 

Fraction of Total 
Evaporation .17 .17 .17 .17 .17 .15 

1 

BW (cm) .12 .20 .38 .78 1.32 3.20 

• 
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r The force required to extract water from soil by capillary action 

is known,as a functiori of saturation. Evaporation can take 

place at the potential rate when the soil is saturated. As it 

\ dries, the necessary force increases and the soil can only 
" 

vaporate further water at a fraction of potential, FA. Fig. 6 

as a function of saturation for soils 

di fering in texture. The programme uses the surface tempera-

tur , screen level dew point, and wind to calculate the poten-

tial evaporation rate from the surface, QE from an open water 
\ 

area. The fractions of this evaporation/are applied to each 

layer from the above table. The actual evaporation possible 
" 

from each layer is obtained from considering their saturation 
~ \ 

, where GW is the water held in the layer} and obtaining 

FA. learly"the top layer will maintain evaporatiôn for the 

shortest time since layer thickness increases wi~ depth. The 

energ~ budget programme is run for several days over thè soil 

in a manner identical to that described in the preceeding 

sections. Daily values of QE and QS are plotted as da shed lines 

in Figs. 7 and 8, using the water holding capacities from 

Table 7. The dot-dashe~ curves are for soil with one half the 

available'soil water capacity per layer. This case also ~epre-

sents a soil with full available ,soil wate~ capacity,but when 

tie evaporation is limited to opcur from one half the depth 

~iven in Figure 5. The flux rates are seen to change following 
/ ' 

/
~mooth curves whose rate of change with time changes only slowly 

with time. Potential evaporation cannot even be rnaintained ' 

for the first day and decreases steadily through the third day. 

• 
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Figure 7. QS vs. Time Over: 
- Normal 

Bare Ground: :.:._ ! Storage Capacity 
and 

Vegetation: Deep Roots 
........... Shallow Roots 
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Figure 8, QE vs, Time and QE tQS vs, Time over: 

--- Normal 
Bare Ground: _._._. ! Storage Capacity 
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QS increases aya slightly slower rate since the QE + QS total 

decreases wïth hJgher surface temperatures, associated with 

soil drying as seen in section IIC3. 

When a vegetation layer is present, a large portion of 

the incoming shortwave energy fails to reach the soil surface. 

This was reflected by the sma1ler ground fluxes ca1culated under 

vegetated surfaces in section IIC2. It is for this reason 

that the direct evaporation from the soil under vegetation is 

very small as compared ta transpiration from the plants them

selves (Kramer, 1949). Water f~om soil layers is extracted 
l " 

through plant roots from a range of depth defined by the root 

zone. The1roots are capable of extracting water from a layer 

more effic\entlY than evaporation of wat~r from the top of a 
\ 

layer via capillary action. When the volume of soil in immediate 

contact with the root hairs dries up to the extent that removal 

of further water becomes difficult' (FA drops below unit y) , 
J 

the roots will grow out through the layer,coming in contact 
;r 

with soil which is more 'saturated. That is, the capillary action 

'of water drawn through the soil i5 increased by the plant-

itself. Let it be assumed that a particular plant can maintain 

po'tential transpiration until the saturation of ,a sail layer 

drops te a value equal to Y. Also, that the evaporat~n,through 

the soil layer via capillary action alone witheut the aid of 

roots,can only be maintained at a fraction of the potential 

rate when the saturation i5 equal te Y. If this fraction i8 

assumed ta be the potential rate divided by N, where N is greater 

than one, p~tential ·transpiration is assumed possible until 

1 
, 
1 

Î 
1 
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1 FA < N. For soil number 2, Y is found to be the following 

saturations for various N (Table 8) • 

, 1 

8. Critical Soi1 Water Saturations 

N 1 '2 3 4 5 10 

'y .35 .155 .135 .125 .115 .075 

For N ~ 2, the change in these critical saturations becomes 

sma11 as N is changed. If one could be certain that N ~ 2, 

the 'error in rchoosing t·he 1 correct critical saturation becomes 

smal1. For soil #2, FA drops below unit y at GW/BW S .35. If, 

N = 2 with roots present, potential transpiration is maintained 
1 

until GW/BW S .155. Twenty pe,r cent more water is made avail-

able in changing N from 1 to 2. If this change is equated to 

the change of surface are a of roots from one single vertical 

strand for N = l, then N ~ 2 becomes quite acceptable since the 
1 

addition of root hairs alone to roots can increase the surface 

area 1.6 tirnes (Kramer, 1949). 

Now, if the root zone soi1 layer contains X cm of avail- ~ 

j' 

able soil water, then'potential transpiration will occur for 

the depletion of the first X'(l-~: critical)cm of water, 

~here GW/BW critical is obtained from the method above. If 

for example, X = 20 cm (1 metre root zone in silt loam) , and 

N ,= 3, then 20' (1-.135) = 17.3 cm which can be tra~spired follow

ing saturation at'the potential rate until the turbulent fluxes 
1 

will be affected by the drying with the eventual consequences 

discussed in IIC3. From the results of IIC2, it is 



.' 
1 

o 

found that the dai1y potentia1 evaporation on a e1ear day in 

Ju1y from vegetation with 1eaf air index of 3 is .78 cm day -1 

(430 cal) . If the 17.3 em is transpirated at this rate, it 

will take nearly 3 weeks before transpiration will drop below 

the potential rate. This then represents the minimum time for 

potentia1 transpiration from an area of si1t loam with vege-
1 

tation of roots l metre deep,starting with saturated soi1. 

Next, the total time unti1 all evaporation ceases will 

be considered. This oeeurs when the supp1y of availab1e 
1 ... \ 

water in the root zone is dep1eted. The fraction of potential 

evaporation possible from an area with vegetation is assumed 

to be governed by the force necessary to extract water from 

pure soi1, a function of GW/BW, and the addition of the root, 

branching,parameterized by N. It must a1so be considered that, 

as the potential evaporation is no longer possible, the surface 

must have a higher equi1ibrium temperature to dispose of the 

sarne incorning energy. However, the potentia1 evaporation at 

these higher surface temperatures increases.The potentia1 evapor-

ation from a ,surface which cannot rnaintain potentia1 evapor-
1 

ation is higher than the potential evaporation from a wet 

surface. The difference is considered in Fig. 9, which gives 

the fraction of wet ground potentia1 evaporation as a function 

of FA, the fraction of potentia1 evaporation possible for given ' 

saturation and root systern~. The data for this graph is obtained, 

from l ca1cu1ations of the energy budget over surfaces of d~ffer

ent saturations on a c1ear Ju1y day. Fina11y, the fraction 

of wet potential evaporation possible is graphed as a function 
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, 
Figure 9. F~action of potentia1 Evaporation Possible 

"fram Unsaturated Soil as a Function of that 
fram~ Saturated $oi1 
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of soil saturation and N in Figure 10. One notés the near 

linear dropoff of the fraction of wet evaporation with satur-

ation. The effect of adding root branching (N = 3) to the model 
• 
is to pro long potential evaporation to a saturation of .135. 

The fraction of wet transpiration decreases linearly from this 

point to nearly O. This' curve\ will now be used to estimate 

the time of soil water depletion in the root zone. The,fraction 

of wet transpiration is integrated over saturation values from 

the critical saturation to ~ero. Since the decrease is linear, 

t'he average fraction, .7 of potential wet evaporatién, can be 

used as a constant for the range of saturations. 
\ 

-1' If .78 cm day 

is used again as the wet potentia~ évaporation and X cm of water 
. 

was available to thè root zone when the soil was saturated, then 

GW 1 1 
1 day-l X . BW must be evapora ted a't .7 of the .78 cm rate to be 

depleted. This give~: X 
.135 days = X • 247 days . . 

. 7x.78 
. 

If X again equals 20 cm from our other exarnple, 5 days will 

~lapse from the time of reduced evaporation (3 weeks) until the 

available water supply is depleted. Such a sharp and steady 

decrease of ground water with time is not observed in nature 

because the programme assumes the plant can dra~ water from 

the ~round with the same efficiency, even wqile drying out. 
o 

However, the results should be use fuI to obtain an idea of the 

minimum tirne needed to d~velop differences in water storage 

under clear conditi~ns. Following saturation, these p~riods of 
\ 

available sail water depletion are p~otted in tirne as a func

tion of root depth in Figure 11 and water initially avail-
1 

able to the root zone in Figure 12. This is presented for 

• 
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Figure 12. Minimum Time After Soil Saturation Until Evaporation Decreases From Potential 
Rate (---) and Until Evaporation Ceases (----), as a 'Function of Available 
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a range of soir textures. The classification of plant types 

and their root zones ,in the various soils was obtained from 
. 

Thornthwaite and Mather (1957). From these graphs, one. can , \ 

estimate the minimum time necessary between general rains (when 

soil layers are saturated) for which th~ given root systems 

will no longer support p6tential evaporation. Of. importance 
\ 

here are the areas of different turbulent flux characteristics 

which'can"be gènerated over a region of vegetation of variable 

rooting depth. 

When vegetation i~ present, the programme calculates 

the potential transpiration fro~ the two layers. of leaf are a 

above the ground. This quantity of water i8 assumed to be drawn 

up through the plant stems without restriction even when maximum 
"'" 

demands of up to .5 cm hourloccur. The water is taken evenly 
/ 

with depth in the root/zone. This assumes that the density of 
, 

roots is assumed constant with depth in_this zone. The actual ., 
~ transpiration f~om eadh làyer is then calculated separately 

from the saturation, BW/GW, with N = 3. In reality, the density 

is greater in thè more shallow layers of' soil. 
. ~ 

The transp~ra-

tion will decrease sooner and more gradually than with tPe ass~p-

used here, since the withdrawal from the lower laye~s is ~ tion 

more graduaI. The~times calculated for which a plant can m~in

tain potential evaporation are overestimated. Hence,these times 

repr~sent upper limits "'of ~he time necessary bet~e,~n ,rai~ 

affect a change in the turbulent fluxes. . ' ~. ~ 
As was done earlier for bare\ground, the programme was 

.~.. .... D 

run for a few days for two vegetatiqn surfaces in ~oil which was 
1 
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saturated with respect,to available wa~er. The first type has 
1 

shallow roots extending to only 5 cm in silt loarn, the roots 

have aCCesS to 1 cm of available water. The second type h?s 

deep ~oots ext;ending 3 times deeper. Figures 7 and 8 present, 
\ 

results of daily turbulent flux rates as dotted and solid lines 

for these two surfaces. 
1 

As se en before, the deeper roots can 

draw water for a lopger period sinee more storage ~ available. 

It is noted also' that evaporation drops to zero fDom the shallow 

plants ,be~ore bare ground, while the deep roots maintain poten

tial evaporation. throug'h 3 days. "Note also that i,t takes longer 

for the evaporation from the deep roots to decrease to zero 
\ 

\ 
once the decrease begins. Hence, the sensible heat fl,ux will 

! 

. """" ' \ be considerably higher and latent heat flux considerably lower . 
over the shallow plant areas by the 3rd day after rain, as 

; , 

compared te the deeper rooted plànts. Referring back to F~g. 12 

it is seen that the turbulent fluxes will not shift to aIl 

sensible he,at-before 10 days over shallow rooted plan~s ,(such as 

spinaeh, peas, Qbeans, etc.) 'while 8 weeks is' needed for the sarne 

effect over a 'closed mature forest'. Thus,an area centaining 

portions of forest and crops'can develop ~e.large contrast in 

turbulent fluxes discussed in IIC3 if more than 10 days of 

clear dry weather follow a unifo~m precipitation pattern over the 

area. Of course, if the pattern of rain is nonuniform, differ-

ences can develop sooner. 

1 
, 

( 
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CHAPTER III 

JW ENERGY BUDGET CALCULA TI ONS AT POINTS WHERE 
METEOROLOGICAL PARAMETERS ARE NOT MEASURED 

\ 

t 

In order t~ study the spatial variation of turbulent 

fluxes (and hence air mass) of the scale of convective precipi-

tation, calculations of the energy budget are required at'grid 

points 5 to 10 kIns apa,rt. To manufacture a 'realistic set of 

meteorological tonditians ta use for the calculations, it would 

be advantageous to use the meteorological parameters observed 

hourly at surface stations, rather than to generate thern numeri-

cally as was done for temperature and dew poin~in the experirnents .. 
" . 

of ChapterII. However, meteorological observations are only 

available frorn,stations about 100 km apart. The consequences of 

extrapolating the meteorological parameters fr9m these stations 
.' 

to closely ,spaced points between them will be analysed in this 

chapter. This will be do ne by comparing the, results of energy 
1 

budget calculations at a point using the maximum variations of 

input meteorological pararne'bers found between synoptic stations. 

~ac~ parameter will be considered separately. 

Temperature and Del'point ~~\ 
--------

IlIA. 

The CLOE p'rograrnme will be-~us~generate the maximum 
~ 

temperature and dew~ei~ariations assooiated with the spatial 

variations in wetness disc~ssed in Chapte~II. The variation in 

y ternperature and dew point are related to each other by variat\ons 

in surfacJ w~tness,and thus these two pararneters are discussed 
~ ~ 

\ ; 
together: Their effect on the calculation o~ evaporation is a 

form'of an oasis effect. 
( 

-4t-
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IIIAI. Characteristics of Air Over Wet a'nd Dry Areas 

To begin, an area is considered consisting of two 

portions which generate vastly different combinations of· QE 

and QS. The two extremes in surface wetness, as discussed in 

'~IC, will be considered first. ~ other words, this area con

sists of a portion of saturated soil and a portion of dry soil. 
l , 

Lat it now be assumed that each portion is sUfficiently large 

and the advection of air sufficiently srnall that a vertical 

'colurnn of the troposphere will remain over each portion for at 
Il 

least one day. 'That is, the residence ,time o.f the air over 

each portion is at least 24 hours. The air over each area will 

attain characteristics ~f" the sensible and latent heat fluxes 
, ' 

" associated with each surface. From the experiments of IIC~ 

the hourly QE and QS quantities and ground temperature were 
! ' 

obtained and plotted in solid lines in Figs. 13 and 14 for the 

two surfaces. It was mentioned that the initial radiosonde used 

(Fig. 1) was felt to be a typical morning summertime sounding. 

,However, the surface inversion chosen was particularly strong, 

50 that the temperature and dew point were rnodified rnost rapidly 

for a given quantity of sensible and latent heat. In this way, 
J \ 

the difference will be greatest between each ternperature and 

each dew point ~er the two surface types. The hourly screen 

temper:ature and dew point obtained from CLOE are plotted on 
• l' \ 

Fig. 15 for' the two air masses. ~t was also mentioned in,IIC 

that the 24-hr DFL was greater over dry soil th an saturated 

• soil. The hourly values of this energy terrn are plotted in 

Fig. 16 for the two surfaces. It is seen that the downward 
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Figure 13. Tu;r:bu1ent Fluxes and Ground Surfaèe Temperature t Ifor Saturated Ground. 
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Sensible Heat Flux and Ground Surface Temperature 
for Dry Ground. 

8 

'1 
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longwave radiation increases ~ore rapidly over dry land,until 

the inversion is broken at about 0900 prs (the sounding becomes 

nearly adiabatic in the lowest 200 mb). Later, the further o 
1 

addition of t~rbulent fluxes increases DFL almost e~ually over 
1 

the 2 surfaces. Thus, the wet surface has less incoming radi-

ation, yet the turbulent flux total is greater than over the 

dry surface. 

IIIA2. Station in Wet Area - Calculation Done Over Dry Area 

It is now a~sumed that a meteorological station is loca-

ted in ~he wet land region and must be used to calculate the 
1 

energy budget over the entire area. There is/no problem in 

calculations àt points in the wet area, since the screen temper-

ature and dew point used will be characteristic of the air in 

that region." However, the temperature used for the calculations 

over the dry land will be too' low, and the dew point too high. 

Also f~dm the above discussion, the DFL used will be too low. 

Table 9 compares the daytimè energy terrns obtained vs. the values 

calculated with the real air mas~ characteristic of the dry area: 

Tab~e 9. 
-2 -1 Energy Budget Terms (Calories cm daylight hours ) 

Over Dry Land Compared to Those Using Station From 
Wet Land Area. 

SGA 

Real Values 685.4 

'\ 

Station Over 
, Wet Area 685.4 

\ 

DFL 

499.5 

'" 489.4 

UFL 

722.0 

693.2 

QS QE QS+QE 

449.0 -0.1 449.0 

469.8 -0.6 469.8 

FG 

-14.3 

-12.4 

( 

f 
\ 
j 

i 
1 
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Fig. 14 compares the hourly QS and ground tempe rature values when 

the real.known temperature and dew'points are used (solid line) 

to those obtained when the station is located over the wet 

region (dashed line). It is se~n that QS can be overestirnated by 

20.8 calories, an errer of 4.6%. Since the screen temperature 

used over the dry are a is too low, the sarne surface temperature 
il 

a~ that calculated with the r,eal screen temperature wil'l lead to 

a greater daytime temperature gradient and QS. To maintain a 

balance of energy, the surface'temperatùre (and hence UFL) must 

be underestimated when the screen temperature used is too low. 

The overestimate in QS plus the underestimate in UFL must equal 

the underestimate in DFL. This implies that the error in QS \ 
. 

will be'smaller than that in DFL. 

IIIA3. Sta tion in Dry Area - Calcula t1ion Done Over Wet Area 

The next test will be to assume that the hourly reports 

of temperature and dew point are receivetl from a station located 

in the dry land region. The calculation of turbulent fluxes 

over the dry area will use the air mass characteristic of that 
1 , 

area. However, the screen temperature used for energy budget, 

calculations over Ithe,wet area will be too'hlgh and the dew point 
\ 

value too' low,while DFL is too high. Table 10 compares the 

energy budget over the wet surface using air from'the dry area 

against using the air characterÏf:ïtic of t.he wet surface...... AlI 
, t 

values are daytime totals using the sarne initial atrnospheric con-

di tions as before wi th clear skies. 
)-

1 
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Table 10. Energy Budget Terms (Calories cm- 2 daylight hours-l ) 
Over Wet Land Cornpared ,to Those Using station From 
Dry Land Area. ' 

SGA DFL UFL QS QE QS+QE FG,' 

Real Values 685.4 489.4 631.4 112.3 406.0 518.3 -25.0 

Station Over 
Dry A~ea 685.4 499.4 .643.5 63.2 451. 0 514.2 -27.2 

Figure 13 compares ,the QS and QE terms and thd ground temperature 

calculated with the actual conditions over the wet area (solid 

line) to those using the air mass from the station over the dry 

section (dashed line). The air temperature from the station is 

too high whiph leads to a srnaller gradient of temperature if the 

actual ground temperaturè'is used. This leads to an under- ~ 

estirnate of QS and would have the saffie tendency for QE. Howelv~r, 
the dew point from the station is too low which leads to a 

greater gradient of wat~r vapour if the actual ground tempera-
1 .. 

ture is used.1 This has the opposite effect on QE, one of over-

estirnati~n. Since the downw~d longwave radiation calculated 

'from the sounding at the stfation is too great, the total of th~ 
outgoing terms, (QE+QS+FG+UFL) ,r mdst be overestimated. This i~ 

1 ,z1 
attained by an overestimate of ground temperature.' Not only 

will this enhance the water vapour gradient and hence QE, but 

also it will increase UFL and FG such that a balance occurs. 
l , 

QS is underestirnated py 44%,while QE is overestïmate~ by 11%. 
1 

QE t QS is und~restimated by only 4%. The errors.in the individual 

terms can be most serious when the calculation is done lover a 

i 
1 

fi 

l 

r' 
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wet area,using data from a station in the dry area. This is 

because the error in temperature and dew point affect the QE 

calculation in the opposite way from QS. The results of these 

errors discussed in the àbove experiment are summed up in 

Figure 17. 

IIIA4. Portions of Different Albedo 

Although albedo variations will not be,considered in 

this study, it will now be determined what magnitude Qf errors 
, 

could occur if the two portions of land have different albedo 

rather than wetness. 

The are a of lower albedo will have greater values of QE 

and QS simultaneously. The air mass over this region will have 

both temperature and dew ~?ints which will be to~ high if used 

dver the area of highe~Jalbed~. Both QE and QS will be under

estimated over the section with higher albedo. Thus, ground 

ternpera1;ure., UFL, and FG will be overestimated sa that a balance 
1 

is maintained'between incoming and outgoing energy from the 

surface. When regions o~ surface wetness were considered and 

the caJ.,culation over the wet region WàS< based on~ the air mass 

from the dry region, the error in QE was in the sarn~direction 
a~ grounq temperature, UFL, and FG,but opposite to that of QS • 

.. 

'-

,For regions of different albedo,QE error is in the sarne direc~ion 

as Q5; both are opposite to the errors in ground temperatur~, 
, . 
UFL, and FG. Renee, the in~vidual errors of QE and QS will 

not be as large. 
# 

\ 

\ 

1 

1 

./ 
! 
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~ Figure ~7. Comparison.of Errers in Turbulent Fluxes when Using 
Unrepresentative Air Mass 
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1 
IllAS. Change in Error When Residence Time of Air Over 

Characteristic Portions is Changed 

The above section studied the maximum effect of temper-

ature and dew point variations, due to surface variations,on . " 

'the calculation of turbulent fluxes. The air masses were con-
-a 

s'idered to r~1nain over the same characteristic iand tyJe for at 

least tne daytime (16 h~ujS). In ord~r to satisfy ~his residence 

time, each characteristic portign must be about 140 k;n wi~e i 

,with light~~~S of 5 ~t. In other words,~he areas must be of 
{: - (. ' 

synoptic scale (,at least one station w~llll:te in eac'h character-
r 

istic area) to produce the air mass differences which ~ead to 
, , 

the errors discussed .above. Howe,ver, the concern in this pro-
1 

ject is the air mass differences generated by characteristic 
\ 

/ ' areas )malI enough to lie between observation stations. The 1 

, 1 

. , 
effect of air mass differences on the energy budg~t calcùlations 

will now be considered using charact~ristic areas with smaller 

residence times. , 

Calculations of the energy bv.dget are done again at 
1 

a 
, 
'point over wet ground. However, the area of'wet .ground is 

, 
considered to be 'surroundea by an inf ini tely lar[ge area of dry, ' 

groun~ such that it constantly receives the air rnass from the 

dryarea (a w~t oasis). " Table 11 contains the energy b~dget. 

terms for various residence times of air over the wet area: 
'~ 
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Table ll. Ener~ Budget Terms (Calorles crn-2 daylight hours- l ) 
From et Li:md surro~ded by Dry Land 

... t ~ "b ! • 
RESIDENCE LENGTH SGA DFL UFL ' OS OE OS+QE FG TIME (5kt wind) 

! 
.0 hr 0 km 685.4 499.5 643.5 63.2 ~5l.0 514.2 -27.2 

2 hr 18 km • 685.4 498.1 641.0 69."1 446.1 515.8 -26.( 

l (\\ 
3 hr 27 km 685.4 497.0 639.6 72.7' 443.6 516.3 -26.4 , ,.,. 

16 hr 144 km 685~4 489.4 631;4 112.3 406.0 518.3 -25 .. 0 
" 1 

, 
calcul tions were done f~r 16 day1ight hours of clear 

:,--

. il same sounding as in previous exper~ments. 

The residence time of 0 is equivalent to an infinit~ly small wet 

' .... oasis c9ntinuously rece}~i~g air which i5 rnodified by the fluxes 
~, 

from the surrounding dry soil. 'lj'he ter19s in thi s row are exact1y 
1" , 

those presented" in II'IA3 of this chapter. That is, they are 
1 tIi 

\ \ 

the calculations, from wét soil using tempe rature and dew point 

observ.ations from a station over" d,ry land. Th~ othj.r rows 'repre

sent ca1culations of the surface energy budget considering the 
, 1 

modification of the dry air mass as it flo~s over a ~àrger wet 
~ 

oasis. 
o ; 

When comparèd to the quantities from the first row in 
~II, , ~ 

the abov~ table, we find the maximum error possible jn ca~cu-
\ 

lating the energy budgét over the wet area if temperature'and-
1 

dew point ~ata are used from a dry area. These are presented 

in Table 12. 
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~ 

Maximum Error Table 12. in Turbulent Terms From We t~rea 
\ 

( 
/ 

1 i 
RESIDENCE TIME OHR 2 HR 3 BR 

{ 
16 BR 

Length (5kt wind)km 0.0 18 27 \ 144 
\ 

10>' • QE - Calories ';'" 0.0 4.9 (1.1%) 7.4 (1. 7%) 45.0 (11% ) 

QS - Calories 0.0 -6.5 (-9% ) -9.5 (-13%) -49.1 (-44% ) 
t , 

(QE+QS) - Calories 0.0 
\ 

- 4.1 -1.6 -1.9 

When the residence time is reduced by 1/8, the maximum 

possible errors in the turbulent flux terms decreased by about 

the same proportion. 

It is rather unlike1y to find on1y one oa~is between 

meteorological stations. More likely, one expects an arrange-.. 
m~nt of a number of wet and dry areas,. As a final test, the 

'" s~e experiment is run,except;that the oasis will be ~urrounded 

by an infinite area of 1nters~ersed wet and dry sections of~the 
, ., , 

same size. In tnis way, the air rea~hing tne wet area under 

consideration is modified by the t'urbJ1ent fluxes from both land 

types. The experiment compares the daytime (16 hours) turbulent 

flux quantities from the oasis for variohs residence times in 

Table 13. ' \ 

Table 13. Turbulent Fluxes (Calories cm~2 day1ight hou~s-l) From 

1 
1 

1 
'~ 

1 
t 

1 

l 
~ 

1 

, 1 

f 
\1 

Wet Land Surrounded by Wet and Dry Areas ' 1 

' ...... "'-> 
'\ 

RESIDENCE TIME 1 HR 2 BR 3 HR 4 HR 6 BR 8 BR 12 BR 

Length (5Mt wind) 9 km ).~ km 27 km 36 km 54 km 72 km 108 km 

QE - Calories 470 470 468 466 463 457 439 

QS Il 85.4 85.5 85.6 89.4 93.2 101 118 

QE+QS Il 555 555 554 555 556 558 557 

, 
·C \ , 

\ 
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1 

~ese results are'also plotted in Fig. la. Npte that 

the ~lux totals apprQach a n~arly constant value as the re~idence 

time decreases to 1 hour. It is assurned from this that if the 

resideno:e time would be reduced to zero, the total ,:values will 
l 

be unchanged from the l hr figures. The change from these 

values to_those with 4 hr ~esidence times is only 4 calories, 
"'-a very small ma~tmum error considering the magnitude of the. 

\ 

quantities. It appears from these results that if the residence 

time is less than 4 hrs, the air does not stay over singl~ 

\ characteristic areas long enough to develop differences in temp-

erature and dew point which_are great enough to affect the 
• 1 

calculation of the energy budget over wet areas when the meteoro-
1 

logical station is located over a dry spot. The temperature 

and dew point Qver each are a are plotted. in Fig. 19 for both 1 HR 

and,12 hr residence times. 

Figure 20 gives the residence time as a function of both 
1 
\ 

wind speed and area of characteristic land blocks. To satisfy 

the re~idence t~mes of less than 4 hours with light winds of 

2.5 m seè-l (5 kts) , the areas must bé no greater than 36 km 

in the direction of wind flow. 

'In using the meteorological stations to provide,temper

ature and dew point for the grid points in between, the wind 

speéd, size and distribution of wet and 'dry areas should be 

considered when ahalysing possible errors in turbulent flux 

terms at these points. , 
'vi 

. , 

; \ 

" 
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Figure 18. Turbulent Fluxes From Alternating Areas of Saturated and Dry Soil as ~ Function' of Residence Time of Air '\ ' Mas s over EagiC'1\'rea ' ( \ -: 
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IIIB. Pressure, Wind, Cloudi'ness, and Rë:l.infal1 

\IIIBI. Pres~ure 

\) Pressure'variations over areas of subsynoptic extent 
f 

generally are not very large in magnitude. Violent thunder-
'. . 

storms are l attended by pressure f1uctuatio~s of several rob 

Over mesoscale are~s (Fujita, 1955). However, the systems 
\ 

usually move rapidly for their size, that ~S, the [diameterl 

speed of motion] is smaller ~han for synoptic syst,sws. Thus, 

the spatial variation in 'pressure over a subsynoptic area is 

smoothed out over a time period of one hour. More important 

spatial differences can occur from topographica1 variation. The 

topography of a region is known, 50 pressure may be adjusted for 

height. The area under study is flà't so the elevation does not 

vary by more than 100 m. The maximuJ adjustment to sea level of 
, 

a synoptic station pressure measured at 100 meters ASL is about 

8 rob. 

point 

wou1d 

An error of SoC in determining ~he temperature at a 
1 

{used with e1evatio~ to adjust pressure to another height) 

resu1t in an error o} only .1 mb;in the B rob adjustment. 

How these errors in pressure/will affect the energy budget 

ca'lculations will now be exarnined. 
1 

The determination of vapour pressure or absolute humidity 

for a given temperature and dew~~int is also dependent on the 

pressure, thus the sensitivity of a calc~ation of QB is checked , • / -= 
against prfssure. For T surface = 400 C, T air ~ 200 C, dew 

point = 15°C, the pressure was varied by 10 mb (T = temperature): 

p 1000 990 

QE 190.1 192.1 
-.... 

i 
i 
'''-

1 
1 
1 , 

i 
if 
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Thus, even a violent thunderstorrn can only affect the evapor

ation calculation slightly if synoptic stations are used to 

determine the pressure in the subsynoptic sqale. 

IIIB2. Wind 

. Lee (l972~ has demonstrated the effect of changing the 

~ind ~peed on vari~~s energy budget terms while keeping all 

other input factors constant. This was done for a day with 

maximum solar energy received. As the wind was increased from 

zero, "little change took place until the wind exceeded 4 m sec-l 

(8 kts). Until then, cbnvective turbulence was assumed domin-. [ 

ate in vèrtical transfer of the-turbulent terms. This range iS 

of course dependent on the magnitude of the temperature gradien~ 

which also depends on the amount of shortwave errergy available. 

When the wind was increased above this range, QE was found to \ 

increase and QS decrease steadily. Here, the ~echanical mixing 

by the wind1is assumed dominant. The calculations made,in this 

study are based on experimental resultsoof Malkus (1962).' The 
. 

results of varying wind speed and ternperature on QE and QS for 

a given dew point of the air are shown in Fig. 3. 
..,. 

For any 

gradient valu~., there is a critical wind speed above which the 

fluxes depend on the wind. For example, the critical wind speeds 

of 5.0 and 7.0 m sec-l correspond to g~adients of approximately 

7 and 100e respectively (obtained from Fig. 3). Clearly, the 

ctitical wind speeds are proportional to-the gradient. Thus, 
~. 1 ~ 

errors in wind speed will likely be of little consequence on 
1 

\ 

clear days when fluxes are of nighest magnitude .. On the other 

1 -
hand, when the radiation balance is small and positive, the same 

~ , 

1 
1 
'! 

j 
" " 

, , 
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error in wind speed will affect the calculation but the fluxes 

will be quite small in such cases so that the total error can 

only be small in relation to fluxes on clear days. Note that 

when the radiation balance is negative, associated with negative 

gradients at night, an error in wi?d speed can have only a 

very small effect on the turbulent fluxes. 

IIIB3. Cloudiness\ 

The amount, type, and height of clouds are used to 

,determine the incoming shortwave radiation at the ground, SG, 

and the longwave downward radiation, DFL, which are very critical 
, 

in determining the energy avâilabl~ for the turbulent fluxes. 

A true representation of the effect of cloudiness on these ~erms 

at a point on the ~arth's surface i~mRossible since the exact 

position of the clouds intfhe sky is unknown from cloud re:orfs 

at a st~tion. For example, if 5/10 ths of the sky is reported 

to be cloud covered, the DFL term will bé greatest if the clouds 

are near the zenith while SG will be greatest if the sun is 

shitiing through a clear spot in the sky. In aIl calculations 

of SG and DFL, it is assumed that the direct effects of over-/ 
' ~ 
~ 

cast conditions will be felt over a portion of an area propo~-
; 1 

.\ 

tional to t~e fraction of sky cover~d by cloud, while the eff~cts 

of clear sky will be felt over the remainder of the area. This' 

is only correct for, an area averaged over a certain length of 
/' 

time, that is, it is/~ly 
/ 

zation of cloudiness will 

next chapter. 

statistically the case. The parameteri
f 

be discussed in more detail in the 

'1 

1 
J 
1 

\~ 
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It ~ust also be realised that local variations" in cloud 
1 

amount are present between the reporting stations and in fact 

can be the result of local variations in the turbulent fluxes. 

For example, more clouds may form over moist spots on a certain 

day,and the omission of this fact will cause the solar radiation 
o ' 1 \ 

to be overestimated there. An overestimate of turbulent fluxes 

will then he made over the's7 moist areas. It was felt' t~at 
parameterization of cloud formatioZ'! was too uncertain. Hpwever, 

, 

radar inf07rnation availablé over the area will be of sorne use 
\ 1., 1 

in ~etermining local areas of oloudiness. The cloudiness at 

grid points not receiving precipitation will be a statistical 

~verage as determined from station reports,and will not give 
\ . 

the true quantities of incoming radiation on areas represented 

by the points. 

IIIB4. Rainfall 
, ~ 

One must consider the minimum spatial resolution of rain-

fall data'necessary for this study. 
.. 1 

The'resolution cnosen need 

not be finer than' the ~s~lution of ground pararneters used to 

determine infiltration 'of- water in,to the ground. It is this 
o 

latter quantity which is important to de termine soil saturation, 

of prime importance in this study. Presen~ techniques of deter-
M, 

mining infiltration are empirical and do not warrant fine 

resolution since only a few variables are used to give gross 

approximations of a w~tershedls capability to inf!ltrate watér. 

Resu~ts from a method by Lee (1972) are used in this study,where 

infiltration is taken as a function of rainfall rate, rqnoff 

length, s]ope, ro~ghneJs of the surface, aQd infiltration 
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capacityof the soil. However, even if infiltration could be 

resolved more acqurately and over smaller areas, the improve

ment' gained by increased spatial resolution of rainfali will' 
1 

be Iimited since runoff tends to offset the ef~ect of very 

smaii scale rainfall variation in terms of actual infiltration. 

That is, infiltrated water over a small area will be known directly 

from spatially averaged rainfall over the area,because of run-

off of surface water from areas of heavier rain ta areas with 

less rain'. 
, 

It is appar$nt frpm the reasons discussed above that 

it is not necessary to obtain radar dat~ with a resolution 

finer t~an individual shower cells, the scala of turbulent flux 

variations with which this study is èoncerned. The standard 

5.85 km diameter squ~res of averaged~recipitation from thé 

McGill Radar in Ste: Anne de Bellevue'will be utiliseâ~ The 
( l " 

average' precipitation determined for these squares are based 

~ on averaging of smaller areas. Precipitation rates-are deter

mined from echo intensity ùsing a correlation between rainfall 0 

rates and radar reflectivit~based on raindrop size distri-

butions measured by Marshall and Palmer (1948). The acc~racy 

of such methods are most limited for heavy precipitation rates. 

This is however not of grea~ concern to the energy bûdget 

calculations o.f the.l~ngth of tim~ used in this s·tudy. First,' 

infiltration rates cannot be determined accurately. Second, 

areas receïving heayY precipi,tation will have enaugh water 

stored in th~ ground to maintain potential evaporatio~ for the 

duration of ~ period. T~is will be the case for a large range 
", 

1 

1 
l 

\ 
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of precipitation,such that a large error may not be felt. 
i 

Rainfall is the only meteorological parame ter available on 

the su~synop~ scale. 
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CHAPTER IV 

ENERGY BUDGET CALCU~TIONS OVER A SUBSYNOPTIC AREA 

~ 
The surface energy budget ~s ealeulated over an area of 

3 . 1 

abou~ 8 x 10 km2 southwest cf Montreal, lying betwaen the 

'Ottawa and St. Lawrence Rivers. The area was e'hosen beçause 

it has the flatest topogr~phy of any area within'range' of the 

local radar. It is hoped ~hen, that ~reeipitation will not be 
J 

influeneed by orographie effects, sinee this investigation deals 

with the influence of turbulent flux variations on precipitation. 
y , 

~ 

lndividual" calCU1Fions will be made at points, sepa,rated by a " 

distance smaller th an the diameter of convective precipita~ion; 
, 

their spaeing will be 5.85 km. The'time s~eps'will be one hour. 
ç: 

.long in order to.utilise the available obsetved meteorological J' 

Atata. ~a~culàtions are c~rrïed'out for" a on~-week period, . "'* . .. ." incl~ding 3 days of precipitation. Given the following set of 
"-

input conditions, the results are analysed f~~ variations in 
• "1 .,' )J ,l . \ 

turbulent fluxes. - ~ . ' 

- " 

I,VA. Ground Parameters . 
l, The period. chQsen, from 2 to 8 July, 1975, followed a 

., two-week\period of clear weather. From the" discussion in the 

'" .. 

'\,. 'r .. .-

previous\c~apter, ~reas covered with vegetat~on of. shallow 

rooting systems will have n~ avallable water for ;vaporat~on 
'1 ~ • • ) 

a~ the beginning of, tl\e period, on ,July 21~ !rhe roots must be 

less th an 30 c~ (i foot) deep if the ground was ~s~edè~aturated 
bafore the two-week,drought. 

/ 
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IVA1. Soil Type 

The soil predominant in each ar~a of the gri~ was deter-
'v 

t . 
mined frOID, the Soi1 cap~bi,li ty for, Agricul t~re map,s, i Canada , 

Department of Agricu~ture (~966). From exa~inations~iner 
\ 1 ~ 

resolution soil surveys, United States Department of Agriculture 
,1 

(19jB), i~ is clear that each grid area actually contains many 
, p ~ 

int~ the general soil classification given by the soil c~pa lit Y 

.srnaller areas of diffe~ent soil types. However, rnost of ~h;Z~'fit _, 

0, ~~ 

maps. ,Ea~h soi1 was fit into a range'of four 
, ' .. soils classified 

by texture. ' The soil types 'are/~umbered from the mo~)t coarse 
, ' 

(fine sandy loam): l, t:o the) mo'st fine (clp,y or loam):' 4. 

~ 
IVAi. Soil Layers 

~ 

The soil profile contains 6 layers, ~cb;.lO cm deep. 
\ 

( 

It is assum~d that Of direct evaporation from the soii top, 
~ 

,75% cornes from the first 10 cm, 20% from -the secpnd layer, 'and 
r 

-1% from' the third layer. T'his distribution is really of li ttle ' 

. concern" sinée iAt was seen in Chapt~ I~ th~t direct evapora-

tion is very small compared to tra~spiration from plants. 

The water holding capacity is d~fined here as the 

(avail~ble water ~or evapor:ation, and is given in ,TablelA for 

the various 'soils. AIso included is the rooting depth of , 

'shallow rooting crops', defined by; Thor11.thwai te a~d M&ther as 

., 

, ',' \ ' , ", ~r.' 
spin~ch, peas, beets, and carrots. It is assumed here ~hat the 

'ma'jot agriculturill crcips of the area "'to he s'tudie~ YO~~~'corn' 
--\ ' y,f,jIr-

and grain, wili have Isimilar rooting depths .·in e~lly summer. ," 

The tot~l water avai1ab1e in the r90t zon~ is obtained tor the 
, 

various soils, T.hornthwaite and Mather (1,957)., This il}format.ion 
, " 

appears in Table 1~. 
, " 

, '. 

~) . 
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Table l4~ Available Soil Water to Root Zone 

NO sort TYPE WATER HOLDING' ROOTING 'AVAlLABLE WATER FOR 
r CÂPACITY DEPTH TRANSPIRATION 1 ".. 

1 cm cm- l cm cm 

Fine Sandy .15 50 7.5 l Loam 
~ 

Sanciy Silt , 
2 Loam ·1° 62 12.5 

3 Clay Loam .25 40 l 
lO'~ 0 

1 

f 4 Clay .30,t 25 7.5 

It is noteworthy that the Icombination l of water holding 

capacity and rooting depth leads the' medium texture soils to 
. 

have the most water ayailable to the root systems of these plants. 

Next, the above information is used to de termine the 

water holdin~ capac~ty of each 10 cm layer, BW, and the proportion 
.... 

of roots in each layer, FP. The roots are ,cotlsidered. t,o be evenly 

spaced in the ~rtical, as discussed earlie~. 

~ "presented in Table 15 for the various soils. 

BW apd 

.( 
FP are 

\ 

Table 15. Appropriation of Root Zone 

FP FP FP FP FP FP 
;Each Layer 1st ... 2nd 3rd 4th 5th 6th 

SOIL NO BW - cm Layer Layer Layer Layer Layer Layer 

1 1.5 
1 

.20 .20 .20 .20 .20 0 

2 2.0 .16 .16 .1-6 .16 .16 .16 
.' 

3 ~,2. 5 (.25 '* .25 .25 .25· ,0 0 . t-
4 3.0 .40 .40 .20 0 0 ° 

... 

\ 

1 
1 
1 

4 
! ' 

i 
f 

L 
1 
1 
~ 
'~ , 
~ 
; 

! 
' '1 

h 

.' ; 
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IVA3. Vegetation Typ'e and Amount 

Each grid area was assumed to conta in a fra~tion of the 
* ...... ~ 

following land types: 

~a) CROP ~ These are land areas deterrnined as non-forested 

from topographicaf maps, Canada Department of Energy, Mines and 
1 

Resources (1974). They are chosen to represent the areas of 

shallow rooted crops with the above available water for transpir~ 
ation from the various layers, dependïng on soil type. In orde~ 

1 

to investigate the extreme variation in turbulent flu~possible , 
in such a region, it is assumed that these iigions will have 

\ 

no water storage in the root zone at the startrof the calculation. 
,/ \ 

That is, the saturation level of the~e layefs is set to zero, 

ini tially. The paramet~r of vegetation amou~t -is taken as leaf' 

·area, index OI 2 and the albedo i6 :J20 . 
~ 

b) FOREST These are delineated by green shading o~ 
, ' 

the topographical maps. They are assumed tQ have a sufficiently 
1 

deep rooting system to maintain potential transpiration of water 

stored deep below the s,urface. These .areas will maintain poten-

'tial transpiration through the entire one-week periode The 
, /.) 

leaf area index, BLA, is taken aS,6, with an albedo also of 

~ .20. The soil below the vegetation stand is considered to be 
\ " 

f ' 

covered by 2 units of leaf area index of dead"vegetf-tion matter 
\ , . 

which can also interrupt water and shortwave energy before 

reaching ~he ground. 
1 

" 

c) WATER - Only a srnall area of the entire region is 
. "" ~ \ 

covered by water. lo:1ost. of it includes ~ajor river systems,' 

although there are a few smaii lakes. It was not felt 
o 

il 
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. 
warranted to spend an extra calculation at each grid\point on 

the energy budget of ~ater surfac~ as it would not differ greatly 

from the wet land or !ore~t area if the water is sufficiently 

shallow. Hence, the water\areas were included as additional 
'\ 
1 
" 

~ 
fractions of forest. ~ 

'- r. 

Calculations of the energy budget were done separately 
a 

for crop and fore st at e~ch grid point. The turbulent flux 
, 

terms from each surface are combined in the ratio of the areas 

cornprising each grid point. 
,1 

/~-' - ~ 
IVA4. 'Elevation, Slope, and Runoff Len~th 

o .. 

a) ELEVATION - This parameter will be used to adjust 
~ ( 

temperature and pressure to a common height for all grid points, 

which will be discussed later. The values are read off the 
.... 

topographical maps of the region at each g~ point to an 

accuracy of about 30 meters. Fig. 21 represents" the elevation . 
1 

# 

~ of the 'area under consideration. ! . ;. 
b) SLOPE - This parameter is used to determine runoff 

using,the method of L~e (1972). The maximum slope from the 

resolution of the topographie map was determined acro~s each 
, 

grid square. The slopes are' expressed as the fraction of change 

in elevat,ion divided by horizontal distance. For the area 

studied, the range of slopes wet~ from .003 to .026 .correspond-
~ r. 

'ing to 20 ta , 

distance of 

200 m:~I~ change in elevation for a 

5,850 ml'ters. However, for the~st 

horizontal 

part, the , 
slopes were found at the shal1éw end of this range. 

1 
Since the ~ 

area is likely ta c~ntain' steeper slapes ~ a scale toc srnall 

to be resolved on the map used, it is beli~ved that this 

',' 

\ 
t, 

\ 
\ , 

. 
:t\: 

" . 
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parameter was generally underestimated. The effect will be 

to underestimate runoff. 

c) RUNOFF LENGTH - This is another parameter used to 

. determ1re runoff and is'definèd as the distance water can-flow 

along the ground from elevation ridges to troughs. ' It is the 
~ 

length which water may be infiltratled into the ground before 

flowing into a channel or stream. It was taken from the map 

as half the perpendicular distance between ;adj.acent streams. 

Since aIl troughs are not resolved, this parameter will also 

be overestimated. The result of this will as .well be to under-
, 

estimate runoff, eecause infiltration ïs overestimated. 

IVB. Meteorological Parameter. 

The value of' each meteorological par~meter'used at a 

grid point is obtained in the following manner. There are 

three meteorological stations which report the parameters on an 

..... hoür ly basis: 
/ 

Montreal, Ottawa, 'and Massena~ The value at a 

grid point iS,extràpolated from ·the~e thre~ observations, 
/ / 

weighing the importance of eaçh'by their distance from the 
4 point. The ·method used is taken from Pugsley (1990). The 

X", ~ 1 
extrapè1ated value must flall within the limit of. the three 

values observed. 

IVBl. Screen Level Temperature 

-' , 

Also' known as surface temperature', their reported values 

at the st~tions are first adjusted to1sea level using the 
~ 

gradient between this temperafure and the 975 rob temperature 

from the radiosonde. However, the dry adiabatic lapse rate is .. 
never exceeded. Next, these adjusted teinperatures are, extrapo-

'r 

1 
~ Il ~ 

", /." ~ 
~ ... '('! ) 

.! "", .. ~"'.·"I., .•. ~ • " 



4J 
( 

!, J 

( 

f 

t 
r 
" ~ 1 fi \ • ~ , , 

J 
'. 

J 

\ 
-72-

J 
lated to the grid point in question, using 'the method cited 

-;, . 
Finally, this temperatur~ is r~âdjusted to the height above. 

of the point. 

• 
IVB2. JP..ew Point 

The screen 1~ve1 dew points measur~d at the three stations 

ar~ extrapo1ated to the point in question. No adjustments are, 

made for elevation. 

IVB3. Wind 

'" The surface wind reports measured.at the three stations 

are extrapolated directly to the point in question. .. 
IVB4.' \Station Pressure 

The station or surfac,e presSure.~ reported ai: ,the three 

stations are adjusted to sea leve1 using the hydrostatic approx-
~ , r .~ 

imation with the tempera t'ure of the 1 added 'layer' of atmosphere 

equal to the average between the surface and ~75 rob level. The 
"-

sea leveJlPressure is then extrapo1ated to the point in question. , (. 
Fina11y,t is pressure is adjusted to the elevation of the 

point using the same procedure. \·~l· 
'"," 

. , \ 
IVBS. ..' Sounding "'1 

~ \ 
The soundings fromOAlbany, New York and Maniwaki, 

Quebec are averag~~ qnd used as the baslradiosondes for the 
• • 

e~tire grid. Each bB;s~\ radiosonde, ils us d for a 12 hour 

pJritd, six hours bef6re the observation of the upper air to 

six after. Shortwave clear sky radiation, SGC, is ca1cula~ed 

from such soundings, considering ~bsorpt\On of energy from 

, , 

~ 

1 I,f .. 
( 
1 

~ 
) 

~ .... ----.,~~~(~~~~~~,,~h~~~'!.-,-~~I-,~~.~~~~~~1.un~~~~ .. ,.jM~k~j.@.ss.~.a ........ ------~·,-"M~~~.'_. __________ _ 



( 

.. 
i'" -73-

space by water vapour and CÔ 2 based on equations from Bailey 

(1965). The value of SGC is considered constant over the entire 
- ~ 

grid for a given time. The maximum variation ofrSGC at noon -
1 

o~er seven days is about 5%. The change in SGC is quite small 

as the cadiosonde varies from day to day, hence it is hi~hly 
1 

improbable that the spatial variation of SGC is significant for 

any instant in time. 
" 

For purposes of longwave calculations, the sounding 

is modified from point to, point, e·ach hour, in the following 
\ 

manner. Af,ter the surface temperature,/ dew point, wind, and 

pressure are determined at the point in question, the surface 

temperature is checked agains'to the base radiosonde surface 

temperature. If warmer, the higher levels of" the radiosonde 

.t are warmed such that a dry adiabatiç layer is formed to the • 
level of ~ressure where the dry adiabat becomes re~ than or 

equal to the base radiosonde temperature. This levell is then 

takeJY'~s the heig),t of thermal mixing. The surface dew point 
f 

L 
determined at the point is 'used t,o calculate the surface mixing 

Ir 
ratio.' This mixing ratio .is consider~d constant with height 

() 

up through the layer of thermal mixing. Although such complete 

mixing does not always appear in evening radiosondes, the find

ings of Schaefer (1975) show that such is nearly the case during 

periods' of maximum sUrface heating in Oklahoma. If. the surface 0 

Vtemperature at the point is lower than the surface ternperature \ 
k-.1. \ 

• from the base radios9nde, then the'Aeight ~f mechanical mixing 

is determined ~'k ~ fun~tion of wind speed, às in CLOE. The" 

temperatures between the mixing heigh± and the surface are co6led, 
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.. 

... 
such that·a const~nt gradient exists through the mechanical 

mixing\ layer. Aga:fri, pressure levels wi thin this layer are 
t 

set to dew points which correspond to the mixing ratio deter-

mined from the surface dew point and pressure at the point. 

IVB6. Cloudiness 

Hourly information of cloudiness is obtaine from 

surface aviation weather reports. Cloud arnount, ase height, 

and cloud type are given for asOmany as three visi le layers, 

with the exception of Massena which does not repor 

Cloud amount is reported to 1/10 accuracy, with ~~ 
cloud type. , 
exception' 

of Massena \'lhich reports to the nearest 1/4 of sky covered. 
t 

Cloud type at'Massena has been taken as that of the Canadian 
(/ 

stations reporting clouds near the same height at t~e same time.' 

Cloud bases and amount are determined at a grid point 

by ex~rapolating these para~eters from stations r~porting the 

same cloud type. The cloud base levels and amo~nts at these 

levels'are used for longwave calculàtions. Depletion'of short

wave radiation is calculated, using Table 16 of transmission , ' 

due to various cloud. type~ under overcast conditions.. These 

fig~res are based on observ~tions taken near Boston by 

Haurwitz (1945) and are statistical in nature. 

Table 16. Transmission Under Overcast Conditions 
/ 

.' LOW MIDDLE HIGH 

. , 

CLOUD TYP~ St Sc Cu Tc 0 Cb As Ac Ns Ci Cs' Cc 

Transmission 
Under Over
cast 1 

Conditi~ns 

.25 .35 .35 .20 .10 .50 .15 .85 .75 .75 
t 

l , 

'J 
l' ;, 

, : 
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Theldepletion is taken linearly as a function of cloud' 

amount from zero under clear skies to [1 - pveroast' -.1 

Transmission] wh en overcast using the following equa~ion: 

l-Cloud amount fraction x [l-Overcast Transmission] 

The calculation is done' separately for each cloud type Vlisible 

. at one of the three 'stations and avelag"ed in pvoportion ta the 

fraction covering the celestial dome. .., 
1 

The., above represents a 

statistical average over space and time of the effects from 

cloudinèss at each p~int, rather than the actual,distribution 

for a given ~ime. 

If precipitation i.s reported at a 'point from the radar', 
<' 

it is assumed overcàst withwthe transmissiori being a function 

of rainfall rates in \ linear fashion from Table l~ • 

., 
Tab!e 17. Transmission as a Function of Rainfall Rate 

'. 

) 

• 0 

Llq,HT RAui I-iODERATE RAIN HEAVY RAIN HEAVIER RAIN 

'Rainfall Rate ! . 
(inches hr- l ) o -i' 0.1 (LI + 0.3 0.3 + 1.0 1.0~ 

'Jo 

; . 
Transmission .25 + .15 .15 + .1-0 ,10 + .05 .05 

" 
Fig. 22 depicts the thortwave radiation absorbed by the 

g\l:'ound over the area during the 7-day period. It has" to be , 

remembered that ~he incoming radiar'on is constant, as is the ,. ) 

albedo over the area. The ab;brbe energy is seen to vary by 

aqout 10%, with ,lowest values in the north and highest.in the 
" , 

south. This is a result of a difference in cloudiness. Varia
I 

. 

tion in 'rainfall during daylight hours has sorne 'affect onothe\ 
1 J, • 

/ 

'" 

1 
1 

1. 
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, cloudiness calcula·tion.s, and hence causes the small scale varia

tions in SGA. HOWever, the large scale .varia.tion in SGA fr'Om 

north to south could not be due to'the very scattered PFecipi-
/ 

tation pattern (Fig. 23). This must be the result~~ a~on-
-sistent minimum cloudiness reported from Massena ~n comparison 

to Ottawa and Montreal,which are on a line to the north. If, 

for,example, middleoclouds are reported (overcast transmission 

= .50) and Massena repor~s .2 less cloud a~ount than the other 
# 

two sta~ions,' bben the transmission will be .1 or 10% higher 

at Massena. Since ~'e cloud, èover at Massena was only given 

to the nearest .25 in amount, the variation in SGA over the· , 

1-day period,of lO% 'seen in Fig. 22;is not:likeiy to be real, 
o l ,. 

but rather due tQ the inaccuracy of the observations. This error 
. 

could present 'itself 'in tùrbulent flmc maps to be presented 
lJ,. • 

l~terlas a 10% variation from one end of the map to,the other, 

but not over sma~l,distances. 
f' 

1 

IVB7. Rainfall 
" . 

l " 

Hourly rainfall rates were gathered from, records at 
, 

km in .. the Ste. Anne de Bellevue radar for grid s,quares 5.8 
'" 

t , 
Idiameter, corresponding to the,grid points where the energy 

~udget " 
~~i~ulated·. 

1 
'" 

is As mentioned earlier, the rainfall rates 
'4) 

" 

are determined from their correlation to radar reflectivity. 
'. 

The lowest height for which the radar reflectivity can be 

obtain.ed increases wi th distance from the radar. T.his is because 
,; 

a horizontally dJRectéd radar s~gnal travels in a s±raight, 

line,rather than following the curved path of the earth's surface •. 

This.height of the signal abo~e ~he surface at tfte grid poin~ 

, 

. ' 

1 
l 
l 

1 

<II 
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furthest from the' radar, is 3 km. To be consiste,nt for aIl points, 
'; ~,~J 

the rainfa11 rates uséd are determined from reflectivity 
. 

intensity at this height. 
,Jo 

IVB8. Runoff and Infiltration 

Th~ runoff and' infiltration rates are 'tak~ aS a funo-
• f? 

tio~ of slope, runoff 
• 

lengt~, rainfall ra~e: infiltration 

capacity ,01 the \soil, 

, -\ ~ .., 

and "surfac~ roughness, based on res'ul ts 

from Lee (+972Y. The results from this rnethod produced no 

runoff, even" te'r~ 'm~xinlum rainfall' rates of 'UP tQ' 2.8 cm' hr:'1 

1)10 ("'1 inch hr -1) t fel'i~n relatively dry ground. It is belïe~ 
~.. \ t. 

that the runoff was underestimateà sinee the slope was under-
If' , 

, . , 
estima~~d and 'runoff leng)h o~eres,tima te,d. 

. ' 
Teo little runoff 

fI' ~m rainfall on the f.ifst day coUl~ cause 'too gr~at a ,soi). 
1 t 1 9 ~ 

.. m ;J,sture content la-bèr in the pèriod~ The time requireq for a 

ch~~ge ,in iurbul'en1f' fluxes dU~~ t~ s~:>il moisture depleti0n ~as 
f ~ VI" a...· -, 

• 

, b li ' ,. ~ 4 • 

fotunç,.to be dir~c;ly proportional té the i~itial wa'ter .av~ilable,'· 
• ) . ~ '. J 

x. aence,tne overestimation~f this tirne will be ~lrectly pro-

1 porti~nal.,'to, tl1~ "e~,ror in '·X l call:s~d '~y" an -~nderestimat4<?n in 
.. ~ "'j t' 

r,pnoff .. At'he ·maximum rain:fall to.oqcur on a given day was 3 cm:, . ~ - ~ 

. ,If( X j,S' overe.s~imâted 'bY" l,.o~ becâuse qfo t~e neglectidn ~ 1 

~ runOf,-" '~~: time at ,~h~~h QE, b~comes z~r"o ~ ,be:~restima~ed 
by, o~ly '.4 days of -the' aptual., 4.2· daf,s."W" ' 
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'IVC. ,r Resul ts 

• 
IVC1. Potential Evapotrans?iration 

, , 
The results of the 7-ciay total of, QE from the forest 

, " 
-area are p~esented in Figura 24. Since it was assumed 'that an 

unlimited supply of ground water was ava~}able, the forest .. 
areas represe~t the potential latent heat flux. 'As with the 

SGA map, there is about a 10% variation in to~al QE over the 
, , 

" 

area, but in this case the pattern 'is increasing from southwest 

to norbheast instead of from north to south. Referring to 

Fig. 25, we see neqrly the opposite for QS, i.e., it increases 

1 

from NE to SW. It is l.inlikely that these patterns are tf 

mostly the result of the radiation pattern, b~cause the two 

turbulent fluxes inc~easein nearly the opposite ,direction. 

From earlier analysis of turbulent flux ca1culations, it seems 
1 

1ike1y that the variations are due to the effecbs of a variation 

in surface âew poirit, temperature, o~ nightime wind. 

Table 18 "gives the 7-dq y o average temperature, dew point, 
, .. 

and wind for Gttawa, Montreal, and Massena. 

Table 18. Average Temp,erature, Dew Point, and Wind for 7-Day 

, NIGHT 
DAY 

,', 

NIGHT 
DAY 

NIGHT 

Periode (NIGHT = 17PO EST - 0600 EST) 
(DAY • 06'00 EST - 1700 EST) 

< OTTAWA 

21.5 
25.6 

13."9 
14.7 

3.2 

MONTREAL 

Temperature (oC) 

20.4 
, 25.0 f 

riew pOint<('è 
16.4 ' 
16.4 

MASSENA 

19.4 
26.9 ' 

r 
14.8 
14.1 

, 
,-

2.8 

, 1 

j 

". 
'", 

,< 
',',-

',' 
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It is seen from Table ,lB that tpe average daytime 
• 

surface temperature at Ottawa 'and Montr~a1 vary about .5 degrees, 
l , _ 

while the dew point is 1.7 degr~es higher at Montreal.' The-'. ' 

wind at Montreal is a1most twice that at Ottawa at night. The 
e 

1 • 
'effect of thé, dew, p" nd Wlnd is to increase QE and decrease 

.. -
QS towards Montreal, as 0 ~ults show. Tbe lower te~perature 

~ '. 
at Montreal could not account for the observed effect. FrOm , 

the fo11owing, ·it is clear that the temperature difference is 

not significant. If the 7-day total QE at a point with an 

elevation equal, to 2,50 m is compared to, one nearby with 60 m 

e1evation, the total QE is neaFly identical. This is the case 

despite thè screen level temperatu~e being nearly 20C different 

in the day due to the elevation difference, whi1e the dew point 

'-,and wind are near1y eçua.!. 
~,:-... 

From this, U( must be 90ncluded that 
\ , 

) 

the lowér dew point and wind at Ottawa in addition to the SGA 

patte~n seen in section IVB6 have c'aused the large scale varia
'\ , 

tions in QE and QS. 

IVC2. Evaporation from Cropland '- OE for 7-Day Period 

1 

Since these areas 'were assume9 t~ have no evaporation ' 

at the start of the period, the 7-day QE total' ~rom such areas 
• " > , 

~ill be high1y dependent on the timeland amount of\rainfal1. 
.. lr) , 

The 7-day QE app~ars in ,Figure 26. 'The results include 

the e~cts seen on the potential evaporation from the for~!t 
. . 

areas. A cèrnparison of two extreme values in F~gure 26 shows 

,a variation from 125 calories (where .22 c~ of rain fell and 
:: 

evaporated), to 1206 calories (where 2.19 cm OD rain feIl-and . . . 
inftltratft4,of which , ' .. ~.. . 2.08 cm evaporated). These two points lie 

1 
only 30 km apart. 

,,~.~;~:
This variation of 1000 calories rèpresents 

.. 
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Figure 26. Latent Heat Flux From Crop, 2-8 July 
(Calories cm-2 week-l ) 
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28 % of the average potential transpiration from forest, about 

three tirnes as great as the '?;.;:tri1ations '.in QE due to differeI).ces . , 

in cloud's, wiI).d, and dew point between ,the stations, as ~~en in 

;VCI. ~~, the variition is not a· large,scale one, it is' 

rela~ed to the scattered nature of the 7-day,precipitation shown 
1 

in Figure 23. 
\ 

The map of QE from cropland shows the most extreme~ 
" 

varia tion which would be e,xpected over a dry .,:t.rea following 
( 1 

the passage of scattered convective precipitation. 

IVC3. Average ~ranspiration from Mixed Crop and Forest • 
• 

Outside of arid climates, the landscape usually contains 
\ . 

sorne mixtur~ 9f vegetation types. For simplicity, the enlrg~ 
budget was run with the two extrem~'land types previously dis-' 

cussed at each grid point. To obtaip~he variation of the tur-, 
! 

bulent fluxes on the scale de!;3ired, th~ resul ts ,from t~e two' 

surface types at each grid point are averaged, with a ratio 
\ 

obtained from the fractiop of each grid point area which ~s 

forested. The average values of 7-day total QE and QS ~ppear 

in Figure~ 27 and 28, respectively. The stipled are a represents 

the portions of the region assumed to contain ~ore than 2~%. 

forest. The result is a complex mixture of the two separate. 

land types combined with different ratios at eac7 point,~n 

other words, combined effects of rainfall and land types. For 
\ \ \ 1 

the most p~tt, the higher evaporation value&occur on areas of 

mixed or p~edominately forested areas. The variation of net 
:' 

QE and QS happens to be even greater than from a region of 

cropland alone. This is because the region studied contains 

areas of predominately cropland which happeb to have virtually 
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no p~~cipitation. These are therefote near the minimum of. 

~igure 26. The region al~o contains areas ef pred~minately 

forest land which happen to have more ~aporationjthan crop-
~ \ 

l~nd~reçeiving maximum rainfall, 'the maximum of Figure 26." 

IVC4. Representa~ion of Area Average Evaporation by 
Use of Certain Point Values 

Energy budget calculations for very large areas cannot 
1 

make individual calculations at grid points' a's closely spaced 
. ... 1 

as in the present study. The usual practice is te choose 

radiosonde statiohs a~ points of aalculation. This section 

will compare the area average evaporation obtained from aIl 229 
- 1 

\ f 
grid points to that,based on only three points located near the 

,~ . J 

synoptic stations: Montreal, Ottawa, and Massena. 

Figu~e 29 compares t~e daily'evaporation using only 

. three points (dottedline) to that with 229 points of calcul'ation 

\ 

(solid ), Rain occurred on the lst, 6th, and 7th day of the 

period. The underestimation of area e,vaporation using only 

the three point values is noteworthy,," AIso, t.he shape of the 

curve reflects the changes in the real area evaporation. 

The underestimation first decreases, then increases with'tirne 
! 

after the first general rainfall. The cumulative error in 

evap,oration from the start of the period is plotted with the 

'dotted line in Fig. 30. The same trend is indicated while'the 
\ 

1 percentages range from -20 te -40 per cent, a formidable error. 

The fact that the evaporaticin was underestirnated by the .three 

points chosen was by chance. It could be that if three other 

points were chosen to base the calc,ulations, the evaporation 
. " 
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.' .... 
Figure 29. ~Comparison of QE from Area Using Vatious Methods 
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cou1d(be overestimated,or'even close 'to the ~alculation based 
• 

on aIl the points. The differences can be caused by these 

three factors: 
! . 
1. PjF:cipitation amount anâ time differ at,three .' 

" points from average using 229 points • 
. 

2 .. Other meteorological parameters such as temperat~re, 
( 

l' 
1 

dew point, wi?d, and cloudiness va~y at th~ three points from 

the average over the grid. 
~, 

3. Surface types at the three points differ from the 

.. 

, t 

. 
area average. 

To investigate the second factor, reference is made to 
/ 

the discussion of the 7-day QE from forest over the grid (Fig. 
1 , ~ 

24). ',Since' most of the variation in space' was large scale and 
. ,-

1 

due ~o ,differences in ëlew point and wind at the three stations, 

it i8 ~easonable that the average pot~ntial evaporation using 

the three stations should be very close to thé average using 

ail the points. 
J 

However, this omits the consideration of small 

scale variations in temperature, dew point, wind, and cloud at 
1 

the grid points. Referring back to ~he disc~ssion in IlIA, the 

effects of such variations 1n temperature and dew point were 
1 

\ 

considered,when scattered areas of wet and dry surfaces are 
1 

present." If these aréas are taken to be,in the arder of 50 km 

wide, from Fig. ~7, and the average wind of 3 m sec-l is used, 

then from Figure 18 tJe error in calculating QE without using 

the variation of temperature and dew point will not exc~ed. 7/470, 

or 2%. Since there is no way of knowing the " variation ,of cloudi-

nesB at each point, the effect of using the cloudiness from only 

\ 
i 

/ 
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-, 
three points cannot be determined. The ,effect of variation of 

~ . '" 
the wind i8 prèsumed small as discussed in IIIB2-.. 

Next, a correction for the third factor is made ~ The 
~ 

1 ~ 

average fraction.o.f forest and crop for the entire àrea as a 

whol~ is used, rather ,than the actual fractions which happen 
\ . ' 

to be present at the three points. \ 

The results appear as 

dashed 1ines in Figures- 29 and 30. The-difference between the 
", 

thrée point calculation and the calculation using aIl points 
... 

is reduced to at most 3%! The evaporation on day 2 is nowan 

overestimation. This is probably caused by more precipitation 

lover the thre,e points used than the area average oI) day 1. 
\ . 

Thus, the first factor is now~idered. From this discussion, 
\ 

the remaining 3% error must be due at le'ast î in part to a diff

erence in amount and time of precipitation a t. the three p'oinb~ 

sampled and the area average. To test tliis, the energy budget, 
• L' , . 

would have to be run using the area average of precipitation 

each hour. However, it is clear that.this error depends on the 
~ 

~nitial dryness of an area and the degree of variation of 

prec~pitation'in time and space. The precipitation will have 
,. 

a minimal ~ffect on a totally covered area initially being wet. 

To conclude, the energy budget caleulations at a point 

can accurat~ly represent an area for ail one-week summer pe'riod, if 

the average surface 'conditions and average precipit~tion of the 

entire area are used at the point, every tirne step. There is .. 
no reason to believe that this conclusion will be al ter,ed if 

V' 

a longer per~od is·considered. This is because maximum spatial 

,. 

, 
, 1 

1 . 
1 

~ , 
'â 
,! 
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\ 

variations were cons"idered here. The period included highly 
~ : 

convective precipitation, the highest shortwave ràdiation of 

the year (and hence the highest turbulent fluxes). Also, the 
t ' 

area contained ;the most extreme differences likely 'in laQd . 

characteristics. 

IVCS. c~anging the Ratio of.Forest to Crop 

Man's influence is constantly felt on the ëarth's 

'surface. Forests are eut down, fields are plowed, crops are 
d,' 

grown. This was the fi~~t ~equence of events ~hich took, piace 

on the North Ameiican c~ntinent since the Europe~ns arrived 

over the last three centuries. 
) .. 

the trend has been reversing. 

However, 'in the las t cep tury , 

There has been a decline in 

farming and hence the amount of farmland in marg4nal growing 

areas has declined dras~ically (Black River - St. Lawrence 

Economie Development Commission, 1974),. In the;area for which 

the energy b~get programme has been calculated, it has b~en 
estimated that the amount of farmland has decreased from l2'to 30% 

in about the last 20 years (BlaCk River - St. Lawrence Economie 

Development Commission, 1974; Ontario Department of Agriculture, 
\ 

1969). To assess the effects of this surface change on the 
1 

climate, it is possible to de termine the change in turbulent 

fluxes which would result. Table 19 includes the present 

ratio ~f crop to forest as deter~ined from maps and the ratio 

about 20 years a~ assuming the two estimated los ses in ïarm

land reverted to forest o~ a forest-type area. 
, , 
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t 
Table 19. Crop and Forest as Fractions of Total Area 

1 

1950 1950 1975 (Assuming Minimum Change) (Assuming ~aximumlIChange)_ 

.77 :82 

.23 .18 

These two estimat~sets, of fractions for 1950 are app1ied ta the 

area averages of total 7-day QE from crops and forest to obtain 
t .; 

estimates of the average evaporation if'~he dhanges occurred 
, 

equally over each grid square. 
. . 

The same ~s done for QS. The 

est~mations of area averaged turbulent fluxes in 1950 are 
• '" compared to the average in 1975 (obtain~d f~om Figs. 27 and 28'.". 

"" Tnese are shawn in Table 20. 

"-

T,ab1e 20. QE, QS (calories cm-2 week-1) for 1950 and 1975. 
,1 

,1950 
1975 Minimum Change Maximum phange 

> 

QE 1312::. 1206 (-8%) 10503 , (-19 % ) 

os 1031 1109 ( 8%) 1239 20%) 

." 
1 

Under the same atmospheric conditions, the evaporation,wou1d 

have been from 106 ta 259 calories 1ess two decades aga. This .. 
gives from .18 to .4,3 cm 1ess wat:r jvaporated tOI the atmosphe~e 

over a 7-day pe~iod •. The sensible heat flux wou1d have been 

from Il ta 30 calories greater each day. If these changes are 

incorporated ~ntô the atmosphere, the maximum surface air temp-
r 4 

,'~'rature wou1d have be'en about ,OC riqher on a day in 1950: Also, 
j , !"CM (\", t. al ~ "0{. '-

<Ç' ~ , '" 
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the dew point would have been nearly !oC lower. If the addition al 

sensible heat flux available to/the a~osPher~ in ~950 was used 

to warrn it below 500 rnb (without hoiizontal 'divergence of a~r) , , 
-the 500 rob height would have been from Il te 32 m hiqher after 

• 1 

one week., These figures imply a ,formidable effect on the atmo

sphere f6llowing periods of clear dry weather. · 

The change in land use discussed above has generally 

been observed over eastern North America. If there has been no 

such change in the western half of the continent, then the high 
, 

level flow of air should be different today following periods 

of dry weather. The 500 mb height in the east will be"lower 

than in 195~ while the height in the west will be the sarne. Thus, 
. 

a west to east upper air wind pattern in 1950 should appear more 

nearly northwest to southeast today, i.e., there will be a 

tendency for the air flow to have a more northerly cornponent 

following periods of dry weather than befor7 the land change. 
\ 

This pattern requires more subsidence of air over centra1 North 
r 

America. Bence, the development of precipitation will be 

suppressed further in this arra. The dry period will be self 

enhanced and.likely last longer thereo 

Turbulent Flux Patterns Associated with the Appearance 
of precipitation. 

The patterns of convective precipitation which occur 

over the area ~ill now be compared to the patterns of hourly QE 

and QS. OThis invesnigation seeks to probe 'the conditions of 

convection with respect to local variations in air rnass (and 

hence turbulent fluxes) at specifie times when' the pr,ecipitation 

\ 

i 

\ 
1 
j 

i 
1 

., 
1 
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formed or entered the area. Individual cases a:t;;e thus examilned 

for their own conditions rather than seeking a statistical 

approach including aIl cases together. This is done because of 

the small set of cases 'available and the danger of combining 

the'results from different physical effects which may occur 

at different times and places. 

Of the 7 days for which the energ~ budget was calculated, 

3 days received precipitation. In aIl cases, the precipitation 

appeared convective in nature, and entered or developed in the 

area during afternoons. The first precipitation day was July 2, 

when a surface frontal trougb and developing 500 rob trough 
fI 

approache~and passed the area late at night. A wi~espread 

precipitation pattern occurred over the area as a result of 

large scale lifting near the trough. However, isolated areas of 

intense.convection were irnbedde~as evidenced by the non-

uniform pattern of rainfall. 
, \1 

July 3, 4, 5 and 6 were free of any precipitation in 
"\ 

the region. The troposP9-ere was bJsicaloly stable during this 

period as 'the result of subsidence following the trough passage 

on the night of the 2nd. However, the:fact that these days 
\ 

were stable in noway implies that .the quantity of turbulent 
o 

fluxes were smaller th an on days with precipitation. In fact, 

the mean daily QE + QS from forested a:ç-eas was 3'97 calories, on 

non-rain days as compared to 358 calories, 11% 1ess, on rainy 

days: This is 'because of more cloudiness on rainy days, 
1 \ 

yielding less available energy for the turbulent fluxes. 
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On the afternoon of 7 July, a small area of precipi- 1 

'\ 

tation developed i~ the southeast section of thé area. On 8 

JUly, an intensifying trough again approached from the west, 

but did not pass through until the fol1owing day. Iso1ated 

convection first developed, main1y in the north of the areà. 

This will be the fir-st case to be considered. 

1. Case 1 - July 8 

To be considered is the precipitation, which first , 

appeared on radar at,about noon on this day. The hour1y preci~ 

pitation at 1200 EST represents the precipitation rate from 

1130 EST to 1230 EST and appears in Figure 31. The maps of 
, \ 

hourly QE and QS for the area at 1000 EST are presented in 
/) 

Figs. 32 and 33, respective1y. T~~ area of precipition from 

1200 EST is superimposed with shading in these two figures. The 

~our1y QE and QS at 1100 EST are presented in Figs. 34 and 35, 

respective1y. It spou1d be noted that sky conditions were 

reported as mainly c1ear at the three reporting stations at 

1000, 1100, and 1200 EST. Comparing the turbulént flux maps of 
, -, 

'- _"j-.t.. -

lQOOand 1100 EST, one can see little differe~çe between the two 
, "," 

hours. These are nearly the maximum possible fluxes since the 

sky is mainly clear and the sun is close to its highest eleva-

~tion for the day. A1so, this imp1ies that a change in ground 

water from the-cropland i8 not noticab1e from one,hour to the 

next in the QE, QS patterns. Another point is that an over

estimation of incoming radiation is very 1ike1y between Ottawa 

and Montreal just before 1200 EST, because the cloud pattern 

associated wi~h the precipitation was 1ikely present at least 

,1), '1111. __ ~~ ____________ _ 

1 
1 , 
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Figure .31. ' P~ecipitation- Rate at 1200 EST, 8 Juîy 

.+ 
o 

J:j' 

" "'- -

~.o 

t 
N 
1 

MASSENA 
)( 

~ 

Je 
H.I\WKESBURY 

.' 

_ ......... !:<'- .... ~'I.."'"~~~.i"'1!'(· .... ~~ .... ,,'" .. liitlJiO::S,s~~ ~ ... ~~ ~~"'" __ " 

.. 

-1 (cm hl; ) /, 

...-., 

LEGEND 

1 
\D 
co 
1 

+ Relative Maximum 
~elative MinimUm 
Grid Point 

X·~eference point 

;----

~ ----
/~-

.... > 

.71'.'7(#7 ' l'Mn;*M1W~ •• F.;i!Il3'm V' ' ~ 1 ~: 'w~'m,'.) sri, 11 r 7 t 57 tS5l', mpti!"j-='I:GO~.t.· .... --~~~.--- - .... 



fa S2" 121 triC L ... 2 (55 4,W,:e:h.!Q4JCliWS &4" lh, '4* L"Steu.; C3 6 ~~ A~ AS4$t%P,SOOY .... 3ii't"".Jt.'3P. ,,-.. "".-«t~"'-~_<'"T--:;~"!:~'-';;_ ....... _ ... _ ._ 

/" /~ 
/ 

"-, 

o 

OTTAWÀ 
AIRPORT 

!-

6' 

, 
\ 

Figure 32. 

. . 
0' .. 

------

Latent Heat Flux at ;000 EST, 8, July 
(Calories cm-2 hr- l ) 

)( 

llAWKESBURY 

x . J-2D ,..--_"":::::-
3D '-~, 

d ":..- 0, 

'c 

- ,/ 

". 

---. 

LEGEND 

.. 

1 
\0 
\0 
1 

+ Relative Maximum 
Relative/Minimum 
Grid Point 

.X Reference Pôint 
precipi ta tion : 

,:-::-:::-, -1 
I:!.:','::' 0 - 1 cm hr 
1 ~ :"'...:.1 

n~"\i' -1 hu~ l - 2 cm. hr-

>2 cm hr -1 

-" 

'~, 

.. tI_I'I'Crra,- 11 Jt ,tttrmr:reu- MtZliiztl.t •• ,trtws 7:: , ... - ---~-_ ... ., **'fr?s "ysnm nt1TJuk..s l ft[ 0 :5 .,.'""::"':.....-~.,,' ""~-,----..,-"''""_~t\.t,_ 
• ~ , " 1) c. _ '/ ~ ~ 0 _. 

-- -~'" ... 



't'-::: 

\';lAi IL t .1Q II n, a US4Ji44iCA MM; • t IIi! J@iW... Ut" aNs " .. __ --~--~.- • 'F 4C+!'e"MI'_'" '''"'''''Pi:ç>-. .. ~ c , 
~ ,... ~ t;.,s')- ,..;;:,. c..--':' -. "'~t,--~"'~~~Ii.:~t7J:~"~"'M:~M».."""r _"1\ 

~ -' 

Figure 33. 

OTTAWA 
AIRPORT 

! 

~ 

\ 
\ 

C"'V- ........ 1 •••• ••• , •••• 

~ ,. _ •• ' t ••••••• ~ ..... "~ •••• - •• 

~\·_'I·.-.· ........... , .... . ..... , ... , .. . .... '. 
o\;'- ...... - ...••• , ........ ,. 
.\ ••••• ~ •••• t •••••• , •• 

..,,~ :: .;..'." ~'''''; 
~ .... :-.-:-:./ 
~~ .. -:-:-:.'J.. 

\ ........ \ " ... . 
SCALE \< <Ii' 1 

" "" 
km " & • 1 1 " 5 10 15 20' , 

~. 
,r 

, 
,~ 

,-' 

..:::. .,.-, 

_R 

:; 

J , 

'" , 
l, 

é __ 

c 
;.~ ~-;.. 

Sensible Heat Flux at i:6oo-EST; a"".trilY 
[Calories cm- 2 hr--l:) c, ~ '0 iè 

t 
N 

'X 

HAWKES BURY 

l' 

f 

1_," 

ê 

...--.. \ 

.. 

o 1 ........ 
o 

LEGEND ? 
+ ~e11\ive Ma~lmum 
~-Re'lati~e Minimum 

-. 'Grid Pt:r:rnt 
~ Reference Point 
Pr.e.cipit-ation: 

l'T:' :-: ~J' -1 
r:~~~:':l 0 - 1 cm hr 

HÙNTINGDON : t'f·:::i:1 
x 

.,:.+-
\....:... ~ll -1 2 cm hr 

~ .. 
-

• 0 -1 
>2 cm hr 

30 

/ 'f ~ 
/; -;/. 
~ +. 

' •• "lIF tnr»1fC MOSt m:"h,· bIi'qt!{œ.l_ltiftÉ -Di ,s 'w --------....., 'Ri "MèrW**I"g,.!st' '. n~p /'*ii;~"w.-);.N'----'"· ~ .. _...,;;. ~ 



• 
~a QQ454;;:4$44;;4$ :*PJt.lUQ.';4&10 !* __ J!.'4&\i4bPP; ...... '~ ""JW!flllll!'lèU.~iiI~': iM'\l!ItfJIlI'm.Jjt; .. ,,,.., ........... ~_ .~ ".' ".~ _.~~~.""··r..,.. .. '''~~''-''~''''~"'''~ 

~ 

o Il 

'. 

Figure 34. 

o 

, 
Latent Hea~ flux at 1100 EST, 8 July 
(Calories cm-2 hr-l ) 

,-
iJ 

" 

" --" - - -- A\ x -.:::::::.~ 0>,-
- - , ~WKESBURY~""'" ... 

= 

" \ 

SCALE 

/ 

'''''I!~ .... -,1. ""---"""'-

-::-

'--
: 

~ 

. LEGEND 

i 
~ 
o 
~ 
1 

T Relative Maximum 
~ Relative Minimum 

Grid Point 
~ Reference .point 

~~ !Eecipitation: 

p:;r.. Q 1.:.,.;:\ -1 
-- t· ·:·.·.1 0 - 1 cm hr 
%"'''NGDO~ . t!.,;,:,:, 

v. ~::- ~ 1 - 2 cm hr-
1 

~ ~~~ 

~. >2 cm hr-l 

1164'10 
• -MAJSSENA. / -• .,-J. . {. (j:) . 

(SO~---~1"~ ...... ~// .• ~ 
.. . ~.I/ ... 

--~ 

c 

"" 
D '-. 

it+wtbi'rtf"1'e>J·'fii'w4~)te.~ ... 5s$oo-~t$ """,,+'j ~W;JA'J~ 7;e.;'t.;r~ nfd'e-H~' t~ce'· *$@'t~ 10 N~$5it ~ ",.t1Qrir .. ;r....".;:.......-....:Ji~ ... ---.'-~ ... L ... '~-.,.~-~ ..... 

1. f 



~LIJkhZM;CC lIÎ bJ :C;!lII$.k MU ,ma _; l2,J! 2t;i#A!ik Il.1>\>''' _._ .. tU" !Ii ~'''ItIi4!miit<~!ç;s,J)1IJI1i1·-JJl'''1j,,", __ , __ _ 

h 
~ . . ' 
t~' 

0-

OTTAWA) 
J\IRPORT 

SCALE 
km 

Figure 35. 

~ l , l , ' 
;: 5 10 H 20' , 

~-
""'"' 

!J> 

Sensible Hea~ Flux at 1100 EST, 8 July 
(Ca~ories cm- 2 hr-l ). 

----

)( 

HAWKES BURY 

... ~_..r 

... -
.. .. ~,-...Jf" .... ~~~_~ ... - ..... ~ ,....~~ -.,. 

\ 

~, 

. LEGE ND 

1 
1-' 
a 
N 
1 

+ Relative Maximum 
- Rerative M~nimum 
. Grid-point ' 

_ X Refe-rence Point 
Precipitation: 

I:-.Z:-·;:-I -1 
l'::::., 0 - 1 cm hr 

HUNTINGDCNr' ':,·:::.1 
')( ---
~ l - 2 cm hr-

1 

-1 
>2 cm hr 

----.,tl.mer '. t'ete_aM.". f Inte 'Ft? -" .. ". "'_.~... _vs _11 r r •• t~!5.11.r _Jfzt"*meupy~-'-·=",-,,",,..:' 



o 

-103-

one hour before the outbreak of showers. The cloud pattern 

was undetected by the three observing stations when rain'was 

reported by radar at intermediate points at 1200 EST, so wou1d 
1 

it also have been undetected at 1100 EST if present in the same 
1 , 

area. For these reasons, the turbulent fluxes are cgnsi&ered 

from 1000 EST to represent those immediately preceding the 

development of the precipitation system. Since the input of .. 
energy from the ''Jround is greatest in the lowest,"part of the • 

,atmosphere, the surface wind is considered to represent the flow 

of air parce'ls being modified prior to convection. Once convec-. -

tive p'recipitation develQPs, it will move with the flow at a 

higher level. 
1 

1 

The surface winds at 1000 EST are p10tted near 

jtheir poin!~ of observation on Figs. 32 and 33, with the 
h ~~ , 
exception of Montreal which actually lies off the map sorne 30 o 

km to the east. The large st area of precipitation appears down-
1 

wind from a long area of very high QE rates. However, the heavy 
1 

precipitation occurs over an area of very high QS values just 

northeast of the moist area. Since the avai1a~le energy (SGA + 

DFL) varies on1y slightly over the grid when the cloud conditions 

are the sarne at aIl" stations, the total of IQE + QS is also nearly 

equal over the area. Herlce, QE is inverse1y proportional to 

QS,. Areas 

e :f J.nimwn 

J To 

\ 

of maximum QE are associated with minimum QS,and areas 

QE are associated with maximum QS. 

examine under what conditions convection would be 

like1y, reference is mad~ to Fig. 36 which contains the radio

sonde determined at 1000 EST over a point near the area where 
<1> 

heavy precipitation occurred two hours later. Note that the 

e 
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/ 
1 

layer of convective mixing extends no higher than 925 mb. The 

lifting condensation level is above t~vel' ~t 910 rob, but 

sorne energy would have to be ~upplied to ovefcome a small nega
\ 

l 'tive area under the level of free convection at 850 mb. Neg

is cI'$r 

furtler,or 

, 1 

lecting frontal or large scale synoptic lifting, it 

that for convection to occur the air mûst be heated 
1 

moistened from the surface. ) '7 

The addition of·water vapour with no addition of~sensible 

.heat is first considered, that is, the addition of positive QE 

but zero OS~ The water vàpour content must be increased in the 

layer of convective mixing such that the ~±fting condensation 

level is at ,or below the height of convective mixing, 925 rob. 

For this to be the case, a large quantity of evaporation is 

required if the moi sture evaporated is distributed evenly through 
1 

the mixing layer. The dew point curve (xls) represents the 

addition of watet vapour ~ that the lifting condensation 

level is brought down -to the ~ei~t olf tbe ~vective miX~ng 

layer so that moist convection~l just become possible without 

large scale vertica~ motion. An increase of surface dew p~±nt 

of about 20 C is required, with tne addition of 66 calori~s of 

latent heat flux and zero sensible heat flux. 1 \ However, convec-
• 1 • 

t10n can be prevented 1f OS is negative and the surface 
, . 

temperature drops; then the lowest layer will become stable. 

The area of very high QE in the central eastern portion of Fig., 

32 is noteworthy. Re Fig. 33, the same area is assoc-

iated with neg~ti~~_.qS. Thisarea has a very high fraction of 

water due to rence river. As mentioned earlier, water 

\ 

[ __ a __ ~_~&~._~14~.~.~ ______________ -~.~=~.~o=-__ ,_. _____ 0 __ .' 

( 
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areas are parameterized as if the y: ~ere forest) If water were 

considered, QS would be even ~ore negative si-nce changes in water 

ternperature lag those of ground surface temperature. It is 
, . 

} 

noteworthy that no precipi~ation formed downwind from these 

areas. 

Now the addition of sensibtt heat flux is considered 

with no latè~t heat fiux, i e the'addition of positive QS t ., 
with QE equal to zero. In ~his case, the increased thickness 

of the layer of convec,tive mixing is shown in Fig.' 36 by solid 

". lines. To inc:rease\ the layer to 820 mb, the surface ternpera-

, , 

1 

ture must be raised about 20 C and the addition of 134 calories 

is required. Sincé it is assurned that water vapour is evenly 

distributed with height in the rnixing laySl', the mean mixing 

ratio of 'the thicker layer is less because the lower rnoist air 
il 

was mixed with dryer air above. Hence, the surface dew point 

drops and the increase of the convec'tive rnixing zone without 

evaporation also increases the œight of the lifting condensation 

level, from 910 to 820 mb. Thus, the rnixing level must b'e 

raised beyond the original level of free convection because of 

the effect of vertical mixing of water vapourL Moist conveotion 

can begin only at a higher lev~l and the totàl positive energy 

of convection will be less. Therefore, convection is likely to 
, \ 

be sornèwhat less intense than in the-case pf rnoistening. This , 

could explain the small areas of heavy precipitation which 
\ 

,occurred downwind'of a large area of hiçh QS in the southwest 

part of the area. 

, , 

l 
l , 
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Fina11y, the addition of b~th latent and sènsible heat 

together is considered as i t lwould occur wi th the passage'of air 

over areas of posi,tive QE and QS. For example, the addition 
1 

of QE can compensate for the increased lifting condensation 
\ 

level associated with the ,addition of QS. The height of convec

tive"~ixing is thereby raised without changing the lifting 
, 

condensation level. Table 21 summarises the preceding discussion. 

~t contains the turbulent fluxes required XO obtain moist 

convection a~ a function of height of base of the convection. 

Table 2'1. . rob" ;'ad j. ( l' -2) Var10US Co 1nat1ons of QE ~n QS ca or1es cm 
Necessary for Convection, 8 July, 1000 EST 

BASE OF REPRESENTATION IN 
CONVECTION QE QS QE+QS FIG. 36 

820 rob 0 .134 134 Solid Lines 

850 rob 45 67 112 None 

90\) rob ., 48 34 82 Npne 
0 

925 rob 66 0" 66 Lines of 
,f 

X's 

No .. 
Convection <0 None 

The vertical stratifi?ation of temperat~re and dew point 

on this day were such that the total amount of energy derived 

from turbulent fluxes necessary to start convection de~eased . . 
with a shift of energy from QS to QE. This type of str9tifical 

" tion will be referrèd to as a moist sounding. It follows that 

convection should occur earliest over areas of highest QE where 

QS is not less than zero. Th~ three paths indicated on Figs. 

32 and 33 . (derived from the surface wind field) are used to ) 

~ 

'1 
1 \) 

.. . ' 

'. :7~:,;,.lJj,,"",,\]',';,".~,,'.ll 
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follow the motion of surface air for a period of two~hours 

(0930 EST - 1130 EST). The turbulent fluxes added in each case 
\ 

are presented in Tab~e 22. 

Table 22. QE and QS ,(calories cm-2 two hours-l) for Various 
Air Trajectories \ .-

PATH A B c 
> 

12 70 108 

QS 57 8 

QEtQS 70 78 105 

Condit~ons for convection will be met after thes~ two hours 
/ ' 

only for path B,over the moist areas. It is /not met for path . \ 

A or C. Indeed, the largest and most intense precipitation was 

first reported l hour later downwind from'path B (the time 

necessary for the grp~th of àn echo from a cumulus cloud is in 

the order of 1/3 hour). Moreove~, the area is of the sarne scale 

as the width of the moist land area, of high QE flux parallel 

to the wind. The more spotty precipitation downwind of the 
4 d 

, ." 

~arge dry area with high QS is evidence that co~vection is o~ 
r 

the verge of developing. It is reasonable that once convective 

cells develop,they may?e advected with the.higher level flow 

and also set up their own dynamic vertical motion ~ield. For 
-~ 

example, subsidence and/or'increased cloudiness surrounding the 

f!rsJ area'~f convection may influence the possible later devel- ~ 
1 opment in surrounding areas. For these reasons, later times 

were not investigated. 

/ 
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2 .. Case 2 - Ju1y 2 

As me~ioned earlier, the precipitation pattern was 
, , 

widespread as it was,advected eastw~rds in the afternoon. Rence, 

cloudiness was a1so widespread in the vicinity of the'large 
1 

precipitation ~rea. However, the pattern on this day is still 
• 

worth examining since orlly a high overcast was present at the 

stations an hour or two before precipitation entered the western 

portion of the area, yielding 70 to BO per cent of their maximum 

values under clear skies for a given hour. 

If the radiosonde at 1300 EST is considered, frqm Fig. 
1 1 

37, the stratification is rather u,nstab1e but dry. Thus, a 

srnall arnount of QS relative to QE is necessary to start moist 

convection. In contrast to the moist sounding on July 8, this 

sounding will be referred to as dry. If the same analysis of 

turbulent flux cornbinations necessary for moist convection is 

done, the results are obtained and presented in Table 23. 
1 

Table 23. 

BASE OF 
CONVECTION 

820 rob 

835 rob 

850 rob, 

- -2 
Various Combinations of QE and QS (calories cm ) 

'Necessary for Convection, 2 Ju1y, 1309 EST 
s 

QE QS ,QEtQS 

0 44 44 
• 

36 22 SB 

90 0' 90 

Less total turbulent flux energy is required for moist convection 

as more energy is ~artitioned to QS,which is the opposite ~ffect 
x 

as that on July 8. 

1 
\ 
1 
1 , , 
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Figu~es 38 and 39 show the precipitation patterns for 

EST and ~~oo ~ST, respeativel~, on July 2. The precipi-

tation should firsf develop in are as of highest QS rates. ·On 

the first day·s calçulations, the- highest rates will be over 

those grid squares with the highest fractions of crop land. 

The area with more than 75% crop is un~aded in Figures 38 

and 39. The shaded area is mixed forest and crop with less 

-.' than 50% crop common. The turbulent fluxes preceding precipi-

tation at points representative of the shaded and non-shaded 

areas are presented in Table 24. 

Table 24. ~epresentative QE, QS (calories cm- 2 two hours- l ) 
at 1230 BST - 1430 EST, 2 July 

CROP FOREST 

,Crop Fraction 1.00 0.75 0.50 O.Od' 

,,"1, .... 

QE 0 30 59 118 

QS 79 52 26 -27 

QEtQS 79 1 82 . ~- '85 91 
lé";: .. .." 

~ -"~l"~ 

The amount of QStQE from most areas is enough to start con-

vection by itself without lifting of air from another source. 

'" However, th~ areas ?f highest QS require the least energy, 
, 1 

andshould initiate precipitation first. At 1500 EST, the 

heaviest, and in fact, most of the precipitation occurred in 

the crop area as the system moved in from the west. By 

1600 EST, the precipitation fell over nearly aIl areas~ \The 

bands of heaviest precipitation generally cQrrespond to the 

t :, :~'(:5·t~.!-.:. '.'"cq;;;:,~~~~~~ 

\ , 

\ 

\ 

\ 



l ~ , • 0 

, Ji! J ,.bSS _ UHi "Me.WOliH PM) .,cuaUS>li _ (JI MM ,...,_*'144U, '!Ib"'_:; 1 Qi S ::hrJ~.~;.It:A <-,----, ~ .... t ;::'~,r"'~-.;t.-'~~ ~ .. ~-..$"\"""''''OW' 

i':"~ .. ~,:::,,<;.-, 

-;,~,~ :" 

~ 

.,. 

o o 
... 

• .. 

>\' 

Fi9-ure 38. precipi.tation Rate at 1500 EST, 2 July (cm hr -1) 
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Figure 39. ~recipitation Rate at 1600 EST, 2 July (cm hr-1 ) 

-.2r 

\/. 
~\ 

~'" .~\ 

~\ 

~ ,\ 
~\. 

-.\, 

SCALE 
km 

, 
\ , 

\ , 
\ 

J~--~I~~t~~.--~I' ~ 
S 10 lS 20'''' .. 

~ 

-'- -- x 
t 0", 

...... \. A HAWKES BURY 
'7~ 

. V';'.:-:J.!·· . \~ ~ .. :~:::;;:::::;I··· . .)' -. 
.. R'V~~ 

1X·~·. ····'···0 •. V'" •.•••• t • 

\.':;~3 \ g<"<-:;':;Y -. . ~ + '. . .' o" 

.25'. • • .,' • 

-
-. /. ... 

__ .--'""0 ~ ..•...... ~~ 
-- - - -7.·.· ' ................ , ...... ~. 

•• '. " • 1_, •• , ••• •• ,. ';/' , •. • • l' 1 1 • l' ••• f •••• , ,. • 
,. ,. , •••• i 1 1 •••••• ,. f' •••• 

• • • • •• • i 1 ~ , • 1 • , • • , 1 '. t. ".,.,...",. 

.«<.:-:.: :-:««-:<-:.:<.>:.>:." l':':''-:<-:':->:'':~' .' . .:.<.:.< :-:-:-.:-:-" ~:-:.'-:-:::~ .. : ... .;.:- ..... :< :-:-:.;",''''.-

1 
;;:. 

. . 
- .. - ~ ....----' 

" 

-::- ? 

---

LEGEND 

G 

\ '" 

1 
..... 
..... 
W 
1 

+ Relative Maximum 
Relative Minimum 
Grid Point 

X ReT,ence Point 
L"':"::.7r 
r~~:r~ 5% Forest 
L":::::, T __ _ 

~ i- ~.;; 

~ç---

---------

.. ~~.~ ... - ~---

" 



) 

ü 

1 

-114-

areas of high QS. However, advection of predeveloped precipi-

tation makes the analysis more difficult. This, and the importance 

of larger scale lifting overlsensible heat flux vari.ations, make 
b 

" the effect of the surface less noticeable in the present case 
1 

than in the first. 

3. Case 3 - July 7 
/ 

The third and final case is the precipitation of July 7. 

The sounding used at 1300 EST is ~resented in Fig. 40. Similar 

to case number 2, this sounding is classified as dry. Table 

25 contains the, resul ts of an anal.ysis of turbulent fluxes nec-

essary to initiate moist conve?tion at various ,heights: 

\ 

Table 25. Various Combinations of QE,QS (calories cm-2) 
Necessary for Convection, 7 July, 1300 EST 

BASE OF 
CONVECTION 

775 mb 

800 mb 

820 rob 

850 rob . 

As in case 2,.partitioning of energy to QS would facilitate 

convection. The sounding is more dry and unstable, sa that the 

time difference between initiation of moist convection between 

dry and moist surfaces should be much greater than the previous 
1 

case,making the effect of the surfâce·more noticeable. \ 

-
• 
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However, the sounding generated one hour later at 1400 

EST actually indicates that moist convection would take place, 

yet no precipitation was reported until 1500 EST. Only a small 

area of precipitation, which was not very intense, developed 

in the southeast corner and is shown in Figure 41. If the 
, 

constructed radiosonde is accurate, then subsidence must hav~ 
1 

suppressed convection over most of the area. 'rndeed, the com-

parison of the 0700 EST and 1900 EST observed radiosondes showed 

subsidence warming of up to 2-30
C near 700 mb at both Manawaki 

and Albany, the two nearest measuring locations. Assuming that 

aIl this warming was due to subsidence, downward large sc ale 

-1 motion of the order of 1 cm sec was occurring at this time. 
1 

The cômparison of the precipitation to the QE and QS 

pattern~ one ho ur earlier at 1400 EST are shown in Figures 42 

and 43, respectively. Again, precipitation should begin 

noticeably eariier in areas of highest QS. The western portion 
1 

of the precipitation developed over an area of high QS, nearly 

30 calories cm- 2 • However, the eastern portion was over an 
, -2 

area of near zero QS, and 25 calories cm of QE. Moreover', 

extensive areas in the north and west had relatively large amounts 

of QS, approaching '30 calories, ye~preCiPitation occurred 

there. Thus, the occurrence of pr~itation in this case is 

not noticeably affected by surface variations. The precipitation 

seems to occur downwind from the Adirondack Mountains. The 

topography of this area is known to have an effect on rainfa;ll. 

This appears to have been the case on 'the 7th, as more precipita
I 

tion also fell over the mountains to the south and east of the 

area l considered. 

/ 

J 
, 

, 
• 

~ 
,;~ 

,1. 



~Jll!5tilll iidSlb2t,l'ab.lJ!lÇu i lUS l'I'S) :;u..se;u dU li4 c:UQ4444A$$@Z&Q.".,'li •• "J!IJIIIlJWtlAi (9~ N.....-' ...... ...,'·~·<-,·, _~, ..... ~~,,_~"" 

o o 
\ 

-------
Figure 41 •.. Precipi tiition Rate at- 1500 EST, 

O'l'TAWA 
AIRPORT 

')C 

Œ 

, 
\ 

C\ -:s\ 
~\ 

\ 
0\ 
10, 
.", 
~\. 
7' 
~\ 

\. 
\ 

\ 
SCALE . \. 

km \ 
\. 

1 • l , l', 
o 5 10 15 20 , 

• 

o 
,(!) 

',' 

t 
N 
1 

~-~ 

'" 

~. 

L . 

------

MASSENA 

X 

'.-

)( 
HAWKES BURY 

... 

-1 7 July_ (cm br ) 

"/,,e~ ------
~~~""' 

/ a 

. 
/ 

r-
-O' 

'\ 

LEGEND 

1""": . 
l-.. 

1 
1-' 
1-' 
-...J 
1 

+ Relative Maximum 
Relative Minimum 
Grid Point 

X Reference Point 

, 

~ 
<'Y'-~ 

.a-

~ 

J 

/ 



~"I[jJJ" nlEd!li _il la QlI :."IJ42UIi4AUXtL b A •• Blat.. .. e b .... " _ "'" ,. lZi&i LMt Q;:a"#2 .. 1111 ~;. _,~ ,~._ 

$ 

1,) 

OTTAWA 
AqPORT 

"" 

/ 

, 
SCALE - , 

Figure 42. 

km , 
• 1 l' 
o 5 10 15 20', 

o 

Latent Heat F~UX at 1400 ES~uly 
(Calories cm- hr- l ) 

t 
tri 

8\~~Y.: 
HAWKESBURY 

-,.....I<r~~~...-'A!:T'_~~ "c~ ..... 

----. 

,,-

LEGEND 

, 
....... 
....... 
co , 

+ Relative Maximum 
- Relative Minimum 

Grid Point 
X Reference Point 
Pr:ecipitation: 

,:-.-" "', .. ". 1 
'":::·1 0 - 25 cm hr-
'':' : .. :..,:' . 

œ / 
-1 .25 -.50 cm hr 

~- ~-)'- ~f~~ ... .. ~"'Io- ___ ~'tio.~ 

te 



:, - ~ / 
2 1Ul12 dllliliL [ilXwpal&l!i$($iJitu;t,:$ _sU_la t .-4,; •• «4_ 44J$iI!!&Z;.xsw,4K :Mtt!l1lEl4ZP.4JI.'iilu-: ___ .,..._ .•• ____ •• _. ~<""01<;i _ .. ,_'7>....-..... -- -

o 

OTTAWA 
AIRPORT 

Figure 43. 

. 
20 -
%:. .. 10, 
~ 

~ ,. 
~ 

:J 
\ , 

\ 
C' .. , 
1:., 
~\ 

0\ 
~, 

SCALE 
km 

op' 
~, 
;' .1>', 

J 5 10 15 

, , 

:10 

\ 
\ 

.. ...,.'''' ... ~ ~ , - ~ -

·0 

..... -
~ensible Heat

2
F1ux at 1400 EST, 7 July 

(Calories cm- hr- l ) 

. \ \-::./ J . 
:'10~ 

,;'"~~ "\ 
'-...±I 

t 
N 
1 

\~- .;,/J' 
,10::,../, 
,20Q ~ 

l~' 

{,~ 

X 
HAWKESBURY 

'30 

,.....~~ 

~-

3/1 ) 
30 (.+."\ r; ~ .1._ 

1t1J_ 

IIUNTINGDON 
)( 

LEGEND 

1"""" 
"-

/ 

1 
1-' 
P-' 
~ 
1 

+ Relative Maximum 
-'. Relative Minimum 
• Grid Point 
X Reference Point 
Precipitation: 

,;:--::.:\ -1 
1:::';:1 0 - .25 cm hr 
l'-=.:..: ;..J 

I~~l -1 
~ .25 - .50 cm hr 



,. 
\ 

~ _ t 
, 
" 

f' 

t 
-fj 

tl 

, 
1 
V 

~ 
,\, 

~ , 
, ~ 

~ . • , 

o 

o 

-120-

4. Conclusions 

From three cases considered, it is,seen that the surface 

has an influence on the êime of development of convective preci~-, 

,itation by means of turbulent flux patterns. However, this 

influence is only evident at certain times. The manner in which 
r 

, / 

the influence is manifested depends on the nature of the atmo-
q; \ 

spheric stratification of heat and moisture. The addition of 

QS will favor cdnvection if the lower troposphere is unstable 

and dry, while an addij:ion of QE wÜl 'favor convection if the;f 

sounding is moist in· the lower levels: The spatial variations 

of the turbulent fluxes found over an area of varied land use 

can at a given time be suffi~ient to influence convectidn in 

cases where vertical motion is not'dominant. However, varia~on 
o 

in precipitation on the srnall seale cannot be totally due to 
\ , \ \ 

evaporation and se~sible heat variations over an area. 

A spatial distribution of precipitation, of the scale 

.~-, eonsidered here, can only, be rnaintained over a longer period of 
" 

time if the sarne distribution"repeats itself due to t~~ effeet 

of stationary surface charact:eristics. Sinee variations' in . 

surface cha~cteristics do not always have an effeet, one would 
. \ , 

expeet the spatial varlation-in precipitation, as a fraction of 
11' 

- , 

average total precipitation over an area, to decrease as the 

period of time considared is lengthened.; 

'. 
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CHAPTER V 

" SUMMARY AND CONCLUSIONS 

The surface energy budget of a land area has been studied 

during a sununer period containing convective precipitation. 'This 

was done by using an existing numerical model w!th measured 

meteorological parameters as input. Calculations were ;one at 

closely spaced points betw~en synoptic stations. 
".. 

It was found that spatial variations in turbulent fluxes 

due to differences in ground water can be quite s~gnificant. 
. . 

A minimum dry pe~iod requ4;,red for d~Pletion of- fOil ,'water was 

found ~s a function of root depth. If rooti?g depth is ~onstant 

over an area, variations in turbulent fluxes can only ari~ if 
\ J-
\, , 

scattered precipination oceurs after such a dry period. However, 

variations in rooting depth between forest and·erop areas can 

account for large spatial variations in turbulent fl~xes after 

the minimum dry period for the rooting depth of crops~ T~e 

addition of a varied precipitation pattern was secondary in 

affeeting the spatial variation of turbulent fluxes. 
) 

- The spatial variations' in dew point and temperature 
" !." 

resulting from the differences in ground water are insuff~cient 

ta require the use of closely spaced points of observation to 
" 

~ deterrnin~ the evaporation over an area. However~ the spatial 
V· , 

ave~age in precipitation and vegetatio~ types in the areamust 

he aeeounted for when using the caleulation'of the energybudget 
, 'Q 

at a single point, th represent that for an area. 
1 

The decrease in farmlrnd over the ~ast two decades could 
~ . ; , 

aceount for signi'Îieantly highe~ evaporation after prolonged dry'" -' 
, 

periods,if forest-like,areas have replaced the abandoned ~and. 

"/ 
'" l' 
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Finally, the spatial variation in turbulent fluxes 

which arise after a dry perio~ in summer can have an influence' 
~ 

on the pattern of convective precipitation, if large scale 
, " • 1 

vertical motion is weak. The type-of surface over which convec-

tion will first develop depends on the moisture and temperature 

stratification di the troposphere. 
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