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- € . ABSTRACT .
§ 2@& An existing numerical model is used to compare '

o l 1] 4’4‘ t ‘
evaporation and sen51ble‘ag%at flux from surfaces of variable

albedo, vegetation density, and séil moisture. Conditions

are found for which diffgrences in soil moisture can account ' }

e e

for significant air mass differences. The surface energy
and water budget is calculated over an area where these
differences exist. ~The difference in air mass over the

; : region is found to affect the time of convective precipitation

development when large scal® vertical motion is weak. It is
shown that only the average precipitation and land conditions

t ‘\ ! [
of an area must be accounted' for when using tﬁ% enerqg}budgé;

at a’single point to represent that for an area. Fihally,
/

' @
- significantly higher evaporation during dry summer weather is

shown to occur from areas after experiencing a decrease in

£armland.
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j pol Un .mod&le numérique est utilisé pour comparer 1'évap-,

! : .
oration et le flux de chaleur sensiblek provenant de surfaces ;
] /‘ -

do dont on fai%,varier l'albedo, la couverture vé&gétale et
/

> 1'humidité du s?l. Oh a trouvé les cowﬁitions,nécessaires poﬁr, :

e TS SR ity e

éue des différences d'humidité du sol.Puissent affecter une masse

d'air. Les équations d'énergie et d'eau sont appliquées &

{ une surface oll existent de telles aiéférences d'humidité.

On constate que les différences de{gasse d';ir qui en résultent
; affectent le temps requis pour d&yelopper des pré&cipitations
convectives si le mouvement vertfgal d grande é&chelle est

faible. On montre aussi ﬁue seules la précipitation moyenne et

les conditions du sol sont significatives lorsqu'on utilise
[4 .

un point pour représenter une surface. Enfin on voit qu'une

, <?

‘¥ / .
évaporation significativemept plus &levEe a lieu lors d'ét8s

¢ 5ecs s'il y’ a diminution de¢ la surface cultivée.
. / /,
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CHAPTER I

INTRODUCTION

\ ’
Large scale weather systems are generally weakest in
summer . However, the most intense precipitation rates usually
occur duripng this time of year, because of the larger moisture
holding capacity of the atmd%phere. The nature of most summertime
precipitation is referred to as conVective.l That is, the extent
of precipitation areas is, small compared to the normal distance
between meteorological obseiving stations. (Also, the life cycle
of such areas is very short compared to oné day.) The variability
of precipitation patterns observed ip summer Ieéds one to believe
that convective elements develop randomly. Can these seeminéiy
\random patterns be explained? |
Since differences of the earth's surface exist on the
convective scale, it seems logical to consider their effect on
t?e atmosphere. The air will aétain a different temperature
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 Pas been given to meteoro-
logical effects of other variations of the earth's surface removed
from urban areas. Such regions are likely to contain areas

characterized by differént vegetation types in summer. It is

/
conceivable that the differences in air masses generated over:

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

N

(Y
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/ . environment and its surrounding area. The present investigation

t
i
[ ( : + determines the differences in the air masses over a rural region,
i
#

‘ containing varied vegetation. The effect of these differences

e et sl BRI Sz

' on the development of convective precipitation is studied. ; ‘
! ' ‘ \
Changes in albedo and vegetation density from place to

o

place ma& be suspected to account for most of the differences

in air mass over a rural landscape. However, the effects of

. . . Lo,
soil moisture cannot be ignored. Extreme changes in temperature

ot R Y PV
@

have been observed when air traverses from saturated to dry
i Gﬂj soil areas. Holmes (1969) observed variations up to 5 °c in
near surface air temperature, and up to 2°C at 1 knm height
within a horizontal distance of 10 kmSyiihtaining irrigated

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

soil mois e are not only the\resulﬁ of irrfgation practices.
They can appear also due to differences in vegetation, soil, or
i

. . . . A
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
studied.

The effegt of land use on climate is of general iﬂterest i}
and concern. For example, there has been much speculation about
the effect of poor land management on the drought of the Great
Plains in q&; early 1930's. More recently, ;here has been a
decrease in farmland in parts of Canada and the United States.
LIn thig\case,\the abandoned land continued to support vegetative
growth, with the gradual return of forest vegetation in some
areas., Another object of this stu@y is to asses§ the effect

/

of this recent change in land use on the atmosphére during a




e T i VA e 4% o wy

nymr - ) ———

e A e

- I N J

summer period. In#4doing so0," the evaporation and sensible heat

'l' , Elux from the earth's surface is calculated.over a land area.

¢

Numerous previous, studies required such calculations over yet

larger regions. These include Vowinckel (1965), Ninomiya (1968),
~N ts
’// ' and Morin (1973). In most cases it has only’been feasible to

. | ' .
/ make calculations at widely spaced points, where meteorological

conditions are observed. The values of evaporation and sensible

1

{
- heat flux are then assumed to exist for the area surrounding

the points, The validity of this assumption is tested, con-

M 'l 4 L] ’ + [} 4
sidering the local variation in air mass within a land area

i

Dbt At

containing diverse vegetation types.
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CHAPTER II -9
E EFFECT OF THE EARTH'S SURFACE ON THE ENERGY BUDGET

1

The differences in air mass which can develop in a
A .
. 1] .« v ! N 3 *
region containing diverse land surfaces are obtained by first ]
RS »{e‘iw . o ‘3
calculatihg the differences in evaporation and.sensible heat
b g

fiux (turbulent fluxes) from those suffaces.Specificallx, the
effects of variations in albedo and vegetation on the turbulent
fluxes will bevcompared to those of variations in so;l moisture. -
The turbulent flﬁxes are obtained as partial results from an
existing numerical model. This model simulates the energy and
water budgets at the interface between earth and atmosphere

(hereafter referred to as an energy budget model). The choice
v '

and limitations of such a model must first be considered.
\ ‘ ™
IIA. Choice of Model

t
For all energy budget programmes which do not use »

observed ground surfage temperature, the basis of calculation

is ' the same. It is assumed that for each time step ther?d® is

no change in’eneﬁgy storagg of an infinitesimally thin surface
layer of the ground. That is, the ingsming energy to this top
layer is assumed exactly equal to the outgoing quantity of
energy. These types of models all solve for the surface ground\
temperature at which the incoming and outgoing energy ére equal.
This requires an iteration scheme whére the individual energy
transfer terms, to be discussed”be%Pw, must be recalculated
several times for each time step. This involves considerable
Falculation time. Thé incoming energy is considered to be made

f J
R
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the method of obtaining these elements. The shortwave and long=~

"6; the vertical temperature and moisture structure of the atmo-

-5- .
%

! )

o

up of absorbed shortwave solar radiation incident to the ground,
c o
dowpward longwave energy from ‘the atmosphere, and heat flux

received from soil layers below the top surface. The outgoing

energy must Fhen 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 . ,i
| .

wave downward fluxes are either derived or measured, depending
on the model. The two turbulent fluxes and ground flux are
also derived. The complegity of each of these calculations
also varies from model to model, while the upward longwave radi-

ation is always a simple known function of the surface ground

temperature. The method of obtaining each of these other terms
will determine the parameters required for their calculation.

For example, if the downward fluxes of short and longwave:

radiation are obtained directly from measuremfnts, no knowledge

sphere is necessary. However, such measurementsare not common,
so most models will calculate the downward radi;tion terms, - 4
using the upper air soundings readily available every 12 houés -
from points some 350 kms apart. A1§o, the calculation of sensible. E
And lateﬂt heat flux requires the knowledge of the air tempera-
ture, dew point, and wind speed near the ground. These para-

: 1
meters can be obtained from the usual surface weather reports

available each hour from stations some 200 kms apart, or they
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can be c¢alculated based on an initial troposphere and the
inéut of turbulent flu#es from the previous time step. Myrop
(1969) derives the turbulent terms by generating winds and temp-
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 point, and wind.

“ “

- 3 X ' ) . ‘ 1 « 3 /
In the present investigation, the main concern is with

the differences caused by surface variations in soil moisture

available for evaporation. Hence, it is desirable to choose a
programme which has the most detailed consideration of the
surface and subfurface water budget. It is felt that the EBBA
model (Vowinckéi and Orvig, 1972) meéts this qualification. Also,
the calculations of the individual incoming and outgoing energy
terms are not overly compleé. This is desirable for an experi-
ment such as the presént, requiring calculations for a great
number of points. These were the major reasons for choosing

|
the EBBA model for use in this, project.

118, The Model 7

The results of energy budget calculations over aﬁ area .
can be verified by considering the evaporatioh. fhis calculated
term is checked against that obtained directly from the runoff
and rainfall for the area. However, an attempt to determineg
the runoff from the region under consideration in this study
will be difficult, since it is so level that pﬁe river flow will

¢

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

~ e
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short term rainfalls, such as those studied, are difficult to

\
d?termine. It }s for this reason that no attempt will be made
to check the results of the programme in terms of runoff. J
However, the purposes”of this gtudy do not require the model to
simulate an absolutely real situation. Heﬁce, the model utilises
real data for input parameters to test the~h§potheses posed in
the introduction for a possible set Af circumstances in nature.

It is assumed that the chosen model will gi&e realistic results.

i

Howeveffithe input parameters and assumptions inherent in the

Lo

.../'/ 3 ) 3
" calculations must be clearly stated in order to determine accur-

l
ately this set of conditionS'pLeated and to answer the questions

of this project. This will be done in the following sections,
where the different parameters are discussed. The details of
the entire program will not be rgviewed here. The reader is

referred to EBBA, An Energy Budget Programme - Vowinckel and
[ : AN

‘Orvig (1972), for a detailed account of the procedures of this
‘programme. The orderlof calculatibns and steps not mentioned
in the EBBA publication will now be presented.

First, in Chapters IT and IILthe calculations are done in.
the following order. An initial radiosonde is read in, from
which is calculated longwave downward radiation, DFL, and the
éola; radiation absorbed by the ground, SGA, which is calculated

|

each hour from astronomical considerations and absorption by

H20 and CO2 in theoair, as well as albedo of the.surface. Next
the energy budget is balanced at the surface by determining the
ground flux, FG, upward longwave radiation, UFL, latent heat flux
.to the air, QE, which depends on the available water for evap-

oration from the surface, the water vapour and temperature

e
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/

gradient and wind force above the surface, and finally the

S

)
:
]
y

sensible heat flux to the air, QS, wﬁich depends on the teﬁper-

ature gradient and wind force above the surface. The final step
. | incorporates QE and QS into the atmospherdhto obtain a new radio-

sonde used for the next time step, when the proceés is repeated.

ThlS jg%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

communication). If QS is positive, the surface temperature ié
incr'eased such that a dry adiabatic layer extending upward from
the surface describes a warming equal to QS. The gquantity of

water vapour associated with QE is added evenly through the

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

the orlglnal spec1f1c humidity at a level plus the’ added quantlty
If QE is negatlvq the procedure is the same but the quantity
is subtracted. If°QS is negative, the height of turbulent mix-

ing is computed as a function of the wind speed. The surface

temperature is decreased such that a constant gradienﬁkéo the
top of the level of mixihg describes a loss of energy in the )
radiosonde equal to the sensible hedt flux lost to the surface.
: In Chapter IV, the energy budget calculations will be,
done for a 7lday periéd at 229 points. It was hécessdfy to avoid
repeating calculations, so SGA was calculated only once and
reéd in for the calculation at edch point. In this case, QLOE
is ;ot'used since the surface temperature and dew point are

calculated from observed values each hour, rather thanderived

from pre%ious hour's turbulent fluxes. DFL was recalculated at
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each point by constructing new soundings with the hourly reports
of temperature, dewupoint, and wind. This procedure will be

discussed in more detail in Chapter 1IV.

r

IIC. Energy Partitioning in the Model

L s 3ot Ak < V. > o o me

For the same air mass and an "en distribution of
incoming radiation over an ‘area, the spatial variation of the
turbulent flux terms can only-be causeé by differences in various .
ground parameters. The rgsulting variations which can be
generated by differences in the less obvious goilumoisture
factor willxbe compared to tﬁat of albedo and vegetation para-
meterst This will be done by changing the various parameters
@n‘tge energy budget programme, one at a time, whiie\hplding

the others constant. ' - . -

[

IICl.  Albedo
Important variations in the tyrbulent 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 albedo) of a land area. The albedo can rangé from

.05 for dense coniferous forest and blacktpp road to .25 for

[

pare ground and concrete (Sellers, 1965). To get an &dea of.
l}

e change in turbulent fluxes one can expect from a variation

kn albedo, the following numerical gquriment?was performed. ¥
. :

A typical morning summer radioson&e, represented by the dotted

A

lines in Figure 1, is placed over a bare surface which can main-
tain potential evaporation. The energy budyet programme is run,

with light winds, for 24 hours. The radiosonde, used for each

o ' )

@
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successive hour's calculation is obtained through the subroutine
CLOEdescribed in IIB. To get maximum incoming ‘wadiation, the
case is run near the beginning of'sumﬁer, July 1, under cloud-
less skies. The results using two surfaces of different albedos
are presented in Table 1. | -

| 2

Table 1. Energy Budge£ Terms (Calorles em™2 day_l) -

Change in Albedo.

\ \

“ALB . SGA 0S)! QE QS+QE  UFL FG DFL
.10 726 121 435 556 901  -23.7 755
.15 - 685 108 402 510 - 903 -24.2 753

DIFFERENCES BETWEEN .10 .and .15 ALBEDO

.05 -041 -013 ~033 -046 002 0.5 -002

PER CENT CHANGES FROM:-.l10 ALBEDQO, VALUES

50 -05.6 -10.7 -07.6 -08.3  00.2  02.1 -00.3°

\ . ™ .
é;re it is seen that-<the decrease in shoxtwave energy '
absorbed between the two ;eraces is almost entirely accounted
for by a decrease in total turbulent fluxes, i.é., QE + QS.
Differences in UFL and FG are negligable in comparison. The
evaporation term changes by approximately the samé amount as
the sensible heat flux in terms of perceqtage.‘ However, the
absolute magnitude of the change in evaporation is greater.
The comparison of the changes in the two turbulent fluxes depends
on the temperature, dew point, and wind speed. This was seen

-

from the results of L%e (1972). He also cited a linear relation -

{

ship between latent heat flux and albedo. The conclusion here




\

W

{s\that a change in albedo, characteristic of a surface area,

~~

will yield a difference in total turbulent fluxes of the same
order as the difference in absorbed energy. h
The size of éreas characterised by different albedos
are important whert oconsidering local 'air mass differences which
will be generated from the variations\in turbulent fluxes over
/

a certain scale. It is felt that the extremes in albedo (.05

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

O GRS rs ol s T T

that being considered here. The scale important to this project
% , Should be no smaller than that of the convective precipitation
ceil? in other words, 5 to 10 km. Kung, Bryson, Lenshow (£964)
,made measurements of the albedo over areas of about this size
in Wisconsin. Each‘such area was characterised by certain com-
binations of vegetation. The albedos in July ranged between
.11 and .17,which included areas witﬁ\a wide variation in forest.
cover. Hence, 'it is believed that the variation in albedo used
| in the above experiment represents the maximum one can expect /
in a.mixed farmland and woodland area,which is found in eaétern
North America. It is concluded from the experiment discussed

above that the maximum tprbulent flux variations from albedo

valueg of the convective scale is about 10 per cent. ,
I
IIC2. Vegetation Density

’ o It is observed that:'areas of dense vegetation,such &s

forests,are associated with lower "temperatures and higher rela-

3y

tive humidity than areas of grass or crop 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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albedo, available soil water for transpiration, as well as
total leaf surface per unit area of ground, BLA. The purpose
of *this section is to study the effect of BLA alone on the turbu-

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

albedo and soil water constant while changing BILA.

For a land area covered by vegetation, the model considers
three levels of surface when calculatiﬂg 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. °‘The middle level contains the remaining leaf area
of the vedetation and absorbs virtually all of the shortwave

™

energy which penetrates the first level. The turbulent fluxes

<

from this layer are enhanced by the additional area from which .
they eminate.  These fluxes are taken to be directly proportional
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 negligible. In the following

experiment, groﬁnd water is sufficient to maintain potential
evapo;ation at all tiﬁes and the albedo is const;nt for all
surfaces. The energy budget is calculated for a 24 hour period
under clear sky in early summer, using the same radiosonde as
in the previougﬁexperiment: It is again -modified by incorpor-
ation of the turbulent fluxes using the subroutine CLOﬁ 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 fluxes, as calculated from

/ ' ) f
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» lower than that of bare ground. This observation is quoted by
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Y .
the surface temperature, air temperature, dew point, and wind,

will be doubled. Table 2 compares the results of the calcu- A
lations over bare ground and vegetation.
Table 2. Energy Budget Terms (calories <:m"2 day_l) - Change
in Leaf Area Index.
!
, ALB SGA . DFL UFL QS QE QS+QE FG
~ 7
Bare Ground, 15 ¢g5.4 753.4 903.4 108.3 402.8 511.1 -24.2
BLA = 0
pogetations 15 685.4 746.3 901.8 86.8 435,0 521.8 =-08.0

) v \

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 most of the
shortwave energy before it reaches the ground. The daytime ground

surface temperature is not as high when covered by vegetation and

therefore the temperature g}adient just below the surface cannot
Arive as much heat away via conduction. It is assumed that no
conduction of heat takes place through the vegetation itself.
The outgoing radiation term, UFL, is slightly hiqher over bare

soil, indicating that the vegetation surface temperature is

Geiger (1950). The incoming radiation is smaller over the
vegetation surface since there are 7 calories less of downward
longwave radiation. This is an outcome of lgss sensible heat
flux calculated from Vegetafion and will be discussed in detail

in the next!'section. Despite this, the vegetation has’lO more
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calories to be lost through the turbulent fluxes. Not only is

v

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

<t dne 4

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

30 calories higher over vegetation. 1In order to undersfand 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 formulétion on which the calculations
are based is from M;lkus (1962). The latent heat flux decreases
more rapidly than sensible heat flux when the surface temperature

is lowered a given amount. In other words,(ﬁgg)/ATS > 1 where

TS is the surface temperature. Also,(ggg)/ATS 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, ﬁgg /ABLA = %g. If

there is no additional energy available to the total turbulent

fluxes, the increase in BLA must be countered by a éecrease in
TS such that there is no change in QE + QS. The direction of

shift of energy between QE and QS depend§ﬁon the comparison of

AQE AQE AQE AQE
AQS AQS AQS AQS

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

—==)/ATS to (==%)/ABLA. If (+==)/ABLA —==) /ATS, energy will

schematic diagram of this change is seen in Figure 4. This

. . 13 3 \
condition is tested for two atmospheric conditions similar to
[

those of a summer day (Table 3). For most
1 ‘
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Figure 4. Test for Energy Shift Between QE and QS
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. | [
Table 3. Response of (%%g) to Change in BLA and TS for .
Two Air Masses.

O

Air Temp. (°C) 30 30 30 20 20 20
Air Dew Pt.(9C) 20 20 20 15 15 15
Y,

TS-Air Temp.(°C) - 14 12 10 14 12 10

[L9)2 '

(g / tBLA 6.4 6.4 6.7 3.3 3.3 3.3

-
OE '
(5og)/ ATS 6.1 6.0 5.8, 3.4 3.2 31

iof these conditions, (%%g)/ABLA > (%gg)/mrs. The difference

between the two terms becomes greater as TS is decreased. Hence,

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

. the tuﬂbulent flﬁées from bare soil to those from vegetated land.

QE increases more than QS qecreases since more energy is avail-
able to QE + QS with the décrease in ground .flux. The result
is consistent with the observation of 20 per cent higher
evaporatioﬁ from sod as compared to sand,following rain (Geiger,
1950). - |

Lo It is necessary to deterﬁine the mixing of the air,from
inside the canopy of vegetation to the ambient air on the outsidé:
in order to find the contribution of the middle and bottom layer
on the turbulent, K fluxes from the top of the'vegetation. ‘Ehomas
(1975) developed‘a model which calculates the temperature and
dew point inside the canopy and phe mixing of the .air inside
with the ambient air above the vegetation top. He calls the

fraction of the air which is&mixed, RLOSS. The net loss of

wnalbbiiarsicanal AGx
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evaporation and sensib{e heat flux from the vegetation is giv$n
by the QE and QS from the top layer, plus that from the middile

and lower layers multiplied by RLOSS. In order %oerhe diff-
erence between foilage temperature and air éemperature to fall
Within the range of observed values in forests on clear summer
afternoons with light winds, RLOSS must be 2 :9. Here it was
felt uhnecessary to calculéée the modification of the air inside
the “canopy since the mixing is high 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 densi@y. Grass or crop areas are more dense than
areas of trees, hence the mixing of internal canopy air was

taken to be less for the former. For example,\with a 2.5m sec_l
wind, RLOSS for crop was taken equal to .62 while forest was
given ‘ a valﬁe of .88. To study the éonsequences of theée
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 potential rate during the period. The-

results appear in Table 4.
[ i

-

Table 4. Energy Budget Terms (Cal cm'_2 day—l) - Change in Mixing

'RLOSS ALB SGA DFL UFL, - Qs QE QS +QE FG

.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
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3 As might be expected, QE + QS is unaltered since there
g ( ) is no further reduction in'FG. The increased mixing enhances
{ the effect of adding more area from which fluxes can emanate,
hence more eneréy is shifted from QS to QE. If the value 6f

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

of adding BLA is diminishecl.1
Té summarise, areas covered with sufficient vegetation
to shade the underlying surface from significant shortwave energy
will have a greater combination of evaporation 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

4
]
!
E
?
|
;
|

10 per cent higher from bare ground to crop even if both
surfaces have the same available soil moisture and albedo. -

(} ' These differences.wi¥l be compared to those found from variable

available scil moisture in the next section.

b

3
Y

IIC3. Soil Moisture

Variations in soil moisture content will affect the
turbulent fluxes even if the areas are absorbing the same
quantities o% incomi?g radiation. This parameter is usually ..
expressed in terms of soil satutation with respect to water
available for evaporation (referréé to as available soil water).
thetwo extfeme values of this paramgter will be discussed.
That is, soil which is completely saturated with available water
fqr'evaporation (i.e., filled to available soil water gapacity)
and soil dried to the point where no\further water can be

. & . extracted by evaporation under normal atmospheric conditions
7. 1 N

| (no available soil water). The former condition was that used
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for the experiment with albedo in IICl. The drying of the

!
soil with time will be discussed in the next section, IICA4. 1
;

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

a

wetness parameter changes between the two extremes presented /

here.

Although dEy soil has a higher alpedo than saturated
soil (Sellers, 1965), most land, where precipitation is not
deficient, is virtually completely vegetation covered. Suéh;
areas will not exhibit changes in albedo as the soil saturation
varies.\ This was observed by Aase and Id (1975) over mixed
prairie rangeland. Thus, the following test was done holaing
the albedo constant in both cases. As was the case in the albedo

experiment, hourly calculations were done for 24 hours using a

typical summertime morning radiosonde for the first time step

and modifying it each successive hour by inputing the turbulent
) N

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

Table 5.
™~
Table 5. Energy Budget Terms (Calories cm"2 day_l) -
Dry: and Wet Soils. ' Lo
\ éjf’ sGcA  PFL FG . OQF QS QE+QS UFL
S .

Saturated |15 685.4 753.4 -24.2 402.8 108.3 511.1 903.4
/

bry soil’ .15 685.4 768.1 ~14.4' 0 443.8. 443.8 995.5

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

soil.-From a closer examination of hourly fluxes, not presented

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

sion was evident over the dry land", where QS is considerably
higher. This accounted for greater amounts ‘of DFL from the airl
modified over the d:.;y soil tha;l over the saturated soil in the
morning, giving a larger 24—’hour i;otal. The result of this is
that the saturated soil receives less incoming radiation tlhan
the dry )soil,“ Also, the wet soil is observed to be a better
conducter of heat than dry soil. The programme takes this into
account, ar'ld it is seen that the saturated soil surface looses
more heat to lower soil layers than the dry one. Even though
the saturated soil gains 15 less calories from lonéwave radia-
tio°n and leoses 10 more calories through conduction of heat to
the subsurface, it is most significant that the total gquantity
of turbulent fluxee is 67 calories more than from the dry soil
surface. This is becaused the lack ef evaporation over the dry
surface requires the energy budget to be balanced at a high‘er
surface temperature. Thls yields a substantlally higher UFL

si%e the upward longwave radiation is proportional to the
fo

urth 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, t"xere is no doubt from thise results that both

|
the .sensible heat flux and evaporatlon terms are 1nd1vmdually

greatly different between these two extreme land typés. The

. " _
two extreme soil moisture conditions can exist simultaneously

«

o
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over an area which becomes very dry from lack of precipitation «
L\__j and then receives a scattered pattern of rainfall. The variability ]
in the turbulent flux patterns will be more substantial than

those generally found from differences in albedo or vegetation

density. ‘ 3‘

IIC4. |, The Development of Soil Moisture Variation with Time

N

First, the evaporation of water from non-vegetated

ground will be considered. Kramer (1949) states that 1ittle
evaporation takes place from*depths Qelgw the first foot of
;oil. Veihmeyer (1927) found that in California most evapora-
tion i; from the upper 4 in. of soil, much le§s from the nex
Y4 in.; and very little from below 8 in. ' However, no precise-

« values are given. Indeed, the water depletion with depth from

-

-

bare soil is highly variable, depending on the type and condi-

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

{\.
- \\5

is constructed from these general reports. We next consider a

'variety of soils, in terms of texture. Table 6 gives available

2 .
water holding capacities for a range of soils (Thornthwaite and Loy

Mather, 1957). h
i Table 6. Available Water Holding Capac1t1es (m/m) for 80115 g ;
‘./° of Variable Texture. :’W‘
TYPE - TEXTURE NO . AVAILABLE WATER HOLDING
g 4 CAPACITIES m/m I U
Fine Sand 1 ; .10 '
' 4 L 'y ' -
Fine Sandy Loam 2 ° . <15 -
. Clay Loam 3 . ,‘25
iL rl
Clay ‘ ) 4 © .30

R
/ . v - . A : .



Figure 5. Evaporation vs. Depth
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If Figu;e 5 were constructed for each of these soils, the more

. s ryr—— e

(.3 coarse types would have evaporation supplied from deeper layers 4

and the more fine texture soils from shallower depths. However,

IR AT g,

the present model will consider evaporation from 6 layers.

Each layer has been defined in terms of water holding capacities

rather than actual depth.) For a given depth in terms of water

: holding capacity, the real depth is ddeper for tﬁe'more coarse

% ' soil. Thus, the variation of Fig. 5 between soils will be dimin-

‘ i ‘ished when the evaporation from, various depths is considered in
terms of water holding éapacities. Because of the uncertainity
of Fig. 5, the following experiment was éarried out only §o
obtain an idea of how the evapofation from bare ground changes

{
with time. The tendency will be compared to that of vegetated .

ground later. L'

* |

The experiment begins with 6 layers of soil, filled to

capécity in terms of available soil water. The layers are

defined by dividing the total evaporation depth into 6 even

i ' parts; i.e.; about 17 per cent of the total evaporation will
come from each layer. - The depths in terms of water holding
capacities given to each layer are from Fig. 5 and the *

1 water holding capacities, BW, fgr soil #3 are presented in
Table 7.
/ ) R .
Table 7. 2Available Soil Water Capacity of Soil Layers, BW.

t

Layer 1 2 3 4 5 6

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

BW (cm) .12 .20 .38 .78 1.32 3.20
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dries, the necessary force increases and the soil can only
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The force required to extract water from soil by capillar§ action

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

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

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

contains graphs of FA as a function of saturation for soils

differing in texture. The programme uses the surface tempera-~
ture, screen level dew point, and wind to calculate the poten-
tial evaporation rate from the gurface, QE from an open water
area. The fractions of this evaporatibn/are applied to each
layer from the above table. The actual evaporation pogsible
from each layer is 6btained from consiaering their saturation

N \
(GW/BW, where GW is the water held in the layer) and obtaining

FA. C(learly,.the top layer will maintain evaporation for the
shortest time since layer thickness increases wiﬁh depth. The
energL budget programme is run for several days over thée soil

in a manner identical to that described in the preceeding

sections. Daily values Bf QE and QS are plotted as dashed lines
in Fiéé. 7 and 8, using the water holding capacities from

Table 7. The dot-dashed curves are for soil with one half the
available'soil water capacity per layer. This case also repre-
sents a soil with full available 'soil water capacity,but when
t#; evaporation is limited to occur from one half the depth
given in Figur? 5. The flux rates are seen to change following
/smooth curves whose rate of cﬁange with time changes only slowly
with time. Potential evaboration cannot even be maintained

for the first day and decreases steadily through the third day.
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[ ]
QS increases at-a slightly slower rate since the QE + QS total

decreases with higher 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.

v

This was reflected by the smaller ground fluxes calculated 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 to transpiration from the plants them-

selves (Kramer, l9§9). Water from soil layers is extrac;ed
through plant roots from a range of depth defined by the root
Zone. The(roots are capable of extracting water from a layer
more efficigntly than evaporation of water from the top of a
layer via c;pillary 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 unity),

the roots will ;rgw out throﬁgh the layer, coming in contact

with soil which is more 'saturated. That is, the capillary actiop
of water drawn through the soil is increased by the plant-
itself. Let it be assumed that a particular plant can maintain

A

potential transpiration until thelsaturation of .a soil layer
drops to a value equal to Y. Alsé, that the evaporatiasn, through
the soil layer via cabillary action alone without the aid of
roots, can only be maintained at a fraction of the potential

rate when the saturation is equal to Y. If this fraction isr

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

than one, potential transpiration is assumed possible until

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

saturations for various N (Table 8) .

l -

i, o I s AUl . TS SR T T

~~

LY

S kA i 8

Ta%}e 8. Critical Soil Water Saturations

N 1 12 3 4 5 10

o N R A R % e

Y .35 .155 .135 .125 .115 .075

]
N
5

'For N z 2, the change in these critical saturations becomes
small as N is changed. If one could be certain that N 2 2,

the ‘error in choosing the! correct critical saturation becomes
small. For soil #2, FA drops below unity at GW/BW < .35. 1If.
N = 2 with\roots ﬁfesent, potential transpiration is maintained

|
until GW/BW < .155. Twenty per cent more water is made avail-

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

the change of surface area of roots from one single vertical

strand for N = 1, then N > 2 becomes guite acceptable since the
1

addition of root hairs alone to roots can increase the surface

area 1.6 times (Kramer, 1949).
Now, if the root zone soil layer contains X cm of avail-

. able soil water, then potential transpiration will occur for

GW
BW critica

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

the depletion of the first X-(1- l)cm of water,
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 tranfpired follow~
ing saturation at ‘the potential rate until the turbulent fluxes
o« |
will be affected by the drying with the eventual consequences

discussed in IIC3. From the results of 71IC2, it is
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i ) found that the daily potential evaporation on a clear day in

; ( ) July from vegetation with leaf air index of 3 1is .78 cm day—l

1
t
2
!
3
]
5

(430 cal). If the 17.3 cm is transpirated at this rate, it
g will take nearly 3 weeks before transpiration will drop below

the potential rate. This then represents the minimum time for

potential transpiration from an area of silt loamfwith vege-
' tation of roots 1 metre deep, starting with saturated soil.

5 Next, tﬁe total time until all evaporation ceases will
be considered. This occurs‘when the supply of available

\ "

water in the root zone is depleted. 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 soil, a function of GW/BW, and the addition of the root

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

as the potential evaporation is no longer possible, the surface

.must have a higher equilibrium temperature to dispose of the

\

same incoming energy. However, the potential evaporation at

these higher surface temperatures increases. The potential evapor-
ation from a surface which cannqt maintain potential evapor-
ation is higher than the potential evaporation from a wet
surface. The difference is considered in Fig. é, which gives

the fraction of wet ground potentidl evaporation as a function

of FA, the fraction of potential evaporation possible for given
saturation and root systems. The data for this graph is obtained
from' calculations of the energy budget over surfaces of differ-
ent saturations on a clear July day. Finally, the fraction

of wet potential evaporation possible is graphed as a function

1
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! ‘from Unsaturated Soil as a Function of that

from a Saturated Soil
§

(:'» Figure 9. F:actién of Potential Evaporation Possible
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Evaporation/Potential Evaporation from a Wet Soil
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:
of soil saturation and N in Figure 10. One noteés the near
linear dropoff of the fraction of wet evaporation with satur-
%tion. The effect of addingyroot branching (N = 3) to the model
is to prolong potential evaporation to a saturation of .135.
The fraction of wet transpiration decreases linearly from this
Point to nearly 0. This‘curvq will now ge used to estimate

~

the time of so0il water depletion in the root zone. The. fraction
~ \

of wet transpiration is integrated over saturation values from

the critical saturation to zero. Since the decrease is linear,

the average fraction, .7 of potential wet evaporation, can be

used as a constant for the range of saturatiqps. If .78 cm day'l

is used again as the wet potential evaporation and X cm of water
was available to the root zone when the soil was saturated, then

! “ \ ' -
X . %% must be evaporated at .7 of the .78 cm day 1 rate to be

.135
.7%x.78

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

depleted. This gives: X - days = X - .247 days.
elapse from the time of reduced evaporation (3 weeks) ?ntil the
évailaﬁle 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 draw water from

the ground with the same efficiency, even wgile drying out.
Howevgr, the results should be useful to obtqin an idea of the
minimum time needed to develop diffeiénces in water storage
under clear conditions. Followinq saturation, these periods of
available soil water depletion are plotted in time as a éﬁnc—

tion of root depth in Figure 11 and water initially av?il—

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

e e r iR e 5. e T
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Rate (-—-) and Until Evaporation Ceases (
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a range of soil textures. The classification of plant types
and their root zones in the various soils was obtained from

~ ) N 3
Thornthwaite and Mather (1957). From these graphs, one.can i

estimate the minimum time necessary between general rains (when

soil layers are sa&urated) for which the given root systems

’
Y T )

will no longer support‘pdtential evaporation. Of, importance

here are the areas of different turbulent flux characteristics

which ‘can"be génerated over a region of vegetation of variable

rooting depth. .
When vegetation i% present, the prograﬁme calculates
the potential transpiration from the two layers of leaf area
above the ground. This quantity of water is assumed to be drawn
up through the plant stems without restr{gtion even when maximum
1

demands of up to .5 cm hour-occur. 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
, L
transpiration from each léyer is then calculated separately .

from the saturation, BW/GW, with N = 3. 1In reélity, the density
is greater in the more shallow layers of soil. The transpira-
tion will decrease sooner and more gradﬁally than with thé asspmp -
tion used here, since the withdrawal‘from the lower 1a§ers is

more gradual. The .times calculated for thch a plant can main-
tain potential evaporation are overestimated. Hence, these times

LY . X
represent upper limits of the time necessary between raipp.to
: *

P4

affect a change in the turBulent fluxes. ‘

Frm,

As was done earlier for bare ground, the programme was
- [

ad

run for a few days for two vegetatiqn surfaces in soil which was
) 1
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saturated with respect/to available water. The first type has
'ﬁ shallow roots extenéing to only 5 cm in silt loam, the roots
have access to 1 cm of available water. The Second type has
deep roots éxtending 3 times deeper. Figures 7 and 8 present

[ '

results of daily turbulent flux rates as dotted and solid lines

%
%
{
%

N

for these two surfaces. As seen before, the deeper roots can

draw water for a longer period since more storage %i,available. e

It is noted also that evaporation drops to zero from the shallow s

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

R

tial evaporation through 3 days. ( Note also that it takes longer

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

| once the decrease begins. Hence, the sensible heat flux wil;

. S : )
be considerably higher and latent heat flux considerably lower

over the shallow plant areas by the 3rd day after rain, as
compared to the deeper rooted plants. Referring back to Fig. 12
it is seen that the turbulent fluxes will not shift to all

sensible heat-before 10 days over shallow rooted plants (such as

spinach, peas, ‘beans, etc.) while 8 weeks is needed for the same
effect over a 'closed mature forest'. Thus,an area containing
portions of forest and crops can develop the.largé contrast in
turbulent fluxes discussed in IIC3 if more than 10 days of
clear dry weather follow a uniform pfecipitation pattern over the
area. Of course, if the pattefn of rain is nonuniform, differ-

v

ences can develop sooner.

/
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CHAPTER III

ENERGY BUDGET CALCULATIONS AT POINTS WHERE
METEOROLOGICAL PARAMETERS ARE NOT MEASURED

2

In order to study the spatial variation of turbulent
fluxes (and hence air mass) of the scale of convective precipi-
tation, calculations of the energy budget are ;equired at -grid
points 5 to 10 kms apart. To manufacture a realistic set of
meteorologidal &onditioné to use f?f the calculations, it would
be advantageous to use the meteorological parameters observed
hourly at surface stations, rather than to genegate them numeri-
cally as was done for temperature and dew poiﬁ;/in the experiments

-»
of Chapter II. However, meteorological observations are only

availgble from-stations about 100 km apart. The consequences of
extrapolating-the meteorological parameters from these stations
to closely,séaced points between them will be analysed in this
chapter. This will be done by comparing the, results of energy
budget calculations at a point using the maximum variations of
input meteorological\parameters found between synoptic stations.

£
Each parameter will be considered separately.

IIIA. Temperature and DeﬁrPoint "

-

/

The CLOE programme Yi}}/be/uééa/zg/éeneraEe\the maximum
teﬁperature'and dew;peiﬁf/;;riations associated with the spatial
variations in wetness discussed in Chapter II. The variation in_
temperature and dew point are related to each other by varia%%pns

in surface w%Fness,and thus these two parameters are discussed

N

together. Their effect on the calculation of evaporation is a

form' of ?n oasis effect.

A \
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IIIAl. Characteristics of Air Over Wet and Dry Areas

To begin, an area is considered consisting of two
portions which generate vastly different combinations of: QE
and QS. The two extremestin surface wetness, as discussed in
"IIC, will be considered first. n other words, this area con-
sists of a portion of saturated soil and a portion of dry soil.
Let it now be assumed that each portion is sufficientlyilarge
and the advection of air sufficienéiy small that a vertical
“column of the troposphere will remain over each portion for at
least one day. 'That is, the residencektime of the ;ir over
each portion is at least 24 hoﬁrs. The air over each area will
attain characteristics ©f the sensib#e and latent heat fluxes
associated with each surface. From the exﬁeriments of IICh.
the hourly QE andios quantitiesjand 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 soundiﬁg.
However, the surface inversion chosen was particularly strong,
so that the temperature and dewlpoint were modified most rapidly
for a given quantity of sensible and latent heat. In this way,
the difference will be greatest between each temperature and

each dew point pver the two surface types. The hourly screen

N
temperature and dew point obtained from CLOE are plotted on
’ /

Fig. 15 for the two air masses. It was also mentioned in IIC

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

&

soil. The hourly values of this energy term are plotted in

Fig. 16 for the two surfaces. It is seen that the downward

)
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Figure 13. Turbulent Fluxes and Ground Surfate Temperature
 /for Saturated Ground.
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longwave radiation increases more rapidly over dry land,until

PV I ur v V)

! ( ! the inversion is broken at about 0900 hrs (the sounding becomes

Tt

nearly adiabati% in the lowest 200 mb). Later, the further 3

|
addition of turbulent fluxes increases DFL almost equally over

ST SN

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

418 aO IR o

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

-

dry surface.

»
i
{ 1

IITIA2, Station in Wet Area - Calculation Done Over Dry Area

s It is now assumed that a meteorological station is loca-
ted in the wet land region and must be used to calculate the [
energy budget over the entire area. There is’no problem in

. N \ . .
calculations at 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.

PERp

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

Table 9 compares the daytime energy terms obtained vs. the values

calculated with the real air mass, characteristic of the dry area:

- Table 9. Energy Budget Terms (Calories cm~? daylight hours™T)
Over Dry Land Compared to Those Using Station From
Wet Land Area.

SGA DFL UFL QS QE QS+QE FG

.

Real Values 685.4 499:5 722.0 449.0 -0.1 449.0 -14.3

|

\
Station Over ~
» Wet Area 685.4 489.4 693.2 469.8 ~-0.6 469.8 -12.4
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‘Fig. 14 compares the hourly QS and ground temperature values when

the real .known temperature and dew 'points are used (solid liné)
to those obtained when the station is located over the wet
region (dashed line). It is seen that QS can bq overespimated by
20.8 calories, an error of 4.6%. Since the screen temperature
used over the dry area is too low, the same surface temperature
as that cgiculated with the real screen temperature will lead to
a greater daytime temperature gradient and QS. To maintain a
balance of energy, the surface temperature (and hence UFL) must
be underestimated when the screen temperature used is too(low.
Th;'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. Station in Dry Area - Calculag}on Done Over Wet Area
\The next test will be to assume that the hourly reports
of temperature and dew point are received from a station located
in the dry land region. The calculation of turbu}ent fluxes
over the dry ar?é will use the air mass characteristic of that

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

-

calculations overxtﬁe,wet area will be too\high and the gew point

I°4

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 characteristic of the wet surface, All

\ ' ¥ .
values are daytime totals using the same initial atmospheric con-
| 3

ditions as before with clear skies. !
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1

Table 10. Energy Budget Terms (Calories cm-2 daylight hours-l)

Over Wet Land Compared to Those Using Station From
t - ) ‘ Dry Land Area. .

-
e TN e tfies nME e o AT

SGA DFL UFL Qs QE QS+QE FG. °

Real Values 685.4 489.4 631.4 112.3  406.0 518.3 -25.o?§t‘

{
Station Over

/ DryRrea 685.4 499.4  643.5  63.2 451.0 514.2 -27.2 }

\

* }

Figure 13 compares the QS and QE terms and thé ground temperature

" bl ™
e« iy e K TR TR

calculated with the actual conditions over the wet area (solid

§

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

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

too high which leads to a smaller gradient of temperature if the
actual ground temperature is used This leads to an under- \
estimate of QS and would have the same tendency for QE. Howevir,
the dew point from the station is too low which leads to a

\greater gradient of water vapour if the actual ground tempera-

ture is used. This hag tﬁe opposite effect on QE, one of over: .
estimation. Since the downward longwave radiation calculated
‘from the\sounaing at the stéonn is too greaﬁ, the total of the
outgoing terms, (QE+QS+FG+UFL$! mist be overestimated. This is
atteined by an overestimate of diound temperature.. Not only

f will this enhance the water vapour gradient and hence QE, but
also it will increase UFL and FG such that a balance occurs.
QS is underestimateé by 44%,vhile QE is overestimated by 1l%.
QE + QS is Lnderestimated by only 4%. The errors.in the individual

terms can be most serious when the calculation is done}over a

©
1
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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 above experiment are summed up in

Figure 17.

IXIIA4. Portions of Different Albedo

Although albe@o vafiations‘will not be.considered in
this study, it will now be determined what magnitude qf errors
could occur if Fhe two portions of land have/different albedo |
rathei than wetness. ‘

The area of lower albedo will have greater values of QE
and QS simultaneously. The air mass over this region will have
both temperature and deﬁjppints which will be too high if used
over theoarea of highe#)albedq: Both QE and 68 will be under-
estimated over the section with higher aibedo. Thus, ground
tempera?ure, UFL, and FG will be overestimated so that a balance
is maiptagned'between incbming and outgoing energy from the Vo
surface. When regions of surface wetness were considered and
the calculation over thé wet region was< based on. the air mass

from the dry region, the error in QE was in the same direction

as ground temperature, UFL, and FG, but opposite to that of QSs.

-+

For regions of different albedo, QE error is in the same direction

L

as QS; both are opposite to the errors in ground temperature,

s

UFL, and FG. Hence, the individual errors of QE and Q5 will \

not be as large.

o O

!
4
.




P R ot L SV

* Figure 17. Comparison of Errors in Turbulent Fluxes when Usn.ng
Unrepresentative Air Mass
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“the calculation of turbulent fluxes. The air masses were con-

" areas ?mall enough to lie between observation stations. The ¢

. R t \ - . .
_considered to be 'surrounded by an infinitely large area of dry

Q@ “ - . f
_5o- . N\

A} N\ ' ' w ’
IIIAS. Change in Error When Residence Time of Air Over
Characteristic Portions is Changed

!
' !
i
The above settion studied the maximum effect of temper- ;

ature and dew point variations,due to surface variations,on ) :
. . !

»

-~

sidered to rehain over the same characteristic land tpr for at

least the daytime (16 houﬁg). In ordg; to satisfy this residence

time, each characteristic portion must be about 140 Em wide &

.

,with light?W:;ds of 5 kt. 1In other words,d}he areas must be of
. o - ( N

synoptic scale (at least one station will.rﬁein.each character- .

r

istic area) to produce the air mass differences which lead to
r »
the errors discussed above. However, the concern in this pro-

N {

'
ject is the air mass differences generated by characteristic
)

effect of air mass differences on the energy budget calciulations

will now be considered using characteristic areas with smaller

-
1

residence times. ; y .

Calculations of the energy bydget are done again at a W

'

point over wet ground.  However, the area of wet ground is
ground, such that it constantly receives the air mass from the

‘ ‘ ) N
dry area {(a wet oasis). Table 1l contains the energy budget.

terms for various residence times of air over the wet area:

‘1
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N ’ *  Table 1l1. Enerqﬁ Budget Terms (Calories cm 2 daylight hours 1)
(_} From 'Wet Land SurroQ?ded by Dry Land
S W A
F ' 4
? RESIDENCE LENGTH : ,
. % TIME (5kt wind) SGA DFL UFL Qs ‘ QE i QS+QE FG i
; A 7 *
‘} i +0 hr 0 km 685.4 499.5 643.5 63.2 451.0 514.2 -27.2
- 1
% 2 hr 18 km ' 685.4 498.1 641.0 69.7 446.1 515.8 -ZGW%
£
i \ ™
§ 3 hr 27 km 685.4 497.0 639.6 72.7 443.6 516.3 =-26.4 ‘
: tpﬂ’ : s v J
g @% 16 hr 144 km 685.4 489.4 631:4 112.3 406.0 518.3 =-25.0
. F
[ L

Th calcul}Eions were done for 16 daylight hours of cleaé

N , . , oo, , .M
skiesbeginnipg with the same sounding as in previous experiments.

1

The residence>time of 0 is equivalent to an infinitely small wet
. . TN
oasis cogntinuously recejving air which is modified by the fluxes

from the surrounding dry soil. The terms in this row are exactly
- 8
“ﬁ those presented in IIIA3 of EPis chapter. That is, they are

Ehe\calculations,from wet soil using temperature and dew point

observations froma station over dry land. The other rows repre-

'
~sent calculations of the surface energy budget considering the !

» » 0 | . . \» \
modification of the dry air mass as it flows over a larger wet rg

3

f »
oasis. When compared to the guantities from the first row in
o

iy . !

the abovq/table, we find the maximum error possible in calcu-
\ .

lating the energy budget over the wet area if temperature ‘and:

dew point data are used from a dry area. These are presented

- N

in Table 12. . ; . N
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Table 12. Maximum Error %n Turbulent Terms From Wet‘area

v t

| | _/

{

RESIDENCE TIME OHR 2 HR 3 HR ll 16 HR
Length (5kt windjkm 0.0 18 27 \ ‘144

QE -RpCalor;es “~ 0.0 4.9 (1.13) 7.4 (1.7%) 45.0 (11%)
QS - Calories 0.0 =-6.5 (-98) =9.5 (-138) =-49.1 (-44%)
(QE;QS)‘— calories 0.0 -1.6 -1.9 -4

When the residence time is reduced by 1/8, the maXimum
possible errors in the turbulent flux terms decreased by about

the same proportion.

A

It is rather unlikely to find only one oasis between

meteorological stations. More likely, one expects an arrange-

A

ment of a number of wet and dry areas. As a final test, the

¥
L

same experiment is run, except,that the oasis will be surrounded

:

by an infinite area of gnterspersed wet and dry sections of‘the

same size. In this way, the air reaching the wet area under

consideration is modified by the therient fluxes from both land

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

flux quantities from the oasis fol variotis residence times in

1
¥

Table 13.° °

Table 13. Turbulent Fluxes (Calories cmg”2 daylight houfs—l) From

Wet Land Surrounded by Wet and Dry Areas

!

e

)

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

Length (5Kt wind) 9 km 18 km 27 km 36 km 54 km 72 km 108 km

QE - Calories 470 470 468 466 463 457 439

Qs " 85.4 85.5 85.6 89.4 93.2 101 118

QE+QS " 555 555 554 555 556 558 557

A A i AR 052 50 e s TR 0 = et
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‘ These results are ‘also plotted in Fig. 18. Npte that i
' ( ’ . the flux totals approach a nearly constant value as the residence

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

§ residence time would be reduced to zero, the total values will

g " be unchanged from the 1 hr figures. The change from éheée

% values to_those with 4 hr residence times is oniy 4 calories,

i a ve;§ small madkimum error considering the magnitude of the,

1 A quantities. It appears from these results that if the residence
‘ time is less than 4 hrs, the air does not stay over single

d \ characteristic areas long enough to develop differences in temp-

erature and dew point which_ are great‘enough to affect the

calculation of the energy budget over wet areas when the meteoro-
logical station is located over a dry spot. The temperature

and dew point over each area are plotted in Fig. 19 for both 1 HR

and,12 hr residence times. \ \

Figure 20 gives the residence time as a functiqp of both
4

wind speed and area of characteristic land blocks. To satisfy

the residence times of less than 4 hours with light winds of

2.8 m sec T (5 kts), the areas must beé no greater than 36 km -

in the direction of wind flow.

LYCRR

In using the meteorological stations to provide.temper-

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

speed, size and distribution of wet and dry areas should be

considered when ahalysing possible errors in turbulent flux

terms at these points. SN ; - oo
. . w ’ 1

"
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Figure 18. Turbulent Fluxes From Alternating>Areas of Saturated

f
j
! and Dry Soil as a Function of Resi
o K e i
1 ( \ A Mass over Each“ksea Sidence Tine of Air

704 TN | | .
\. ) .3
E \. .
¥ : .
r 460 T ¢ ' \ -
3 ’ — 'QE .
: | \ »
= 450 T ‘
K N \
s
¢
N ‘
. 5 440 + . - ‘;\
I
m o From an Area of Saturated Soil
.d Py
9 N\
3 110 + \
3}
/ +
100 T
N AN
A
) ‘ N
90 + . | |
/. | ‘
80 e et SN + — 2
N 1 2 3 4 6. 8, . 12
A / . | R
Residence Time (hrs)
\ ' \ ~. ‘x
» N ‘
L 460 4 .
I J
h ® Gpganans § asesie e
g - ~0 -\\ QS
I\ ' \.\“ .' A
e 450 4 : ' 4 o
(0] R .
0 From an Area of Dry Soil
.3 . . ) : \
o 440 A + L
S 1 3. 4 . 6 8 .12 :
, . ' Resideénce Time (hrs)
7 ) )




6 8 10 Noon

Time (hr)

L] ]

14

I i e e v e ST Y i o S

— g (e e F

% 1 A 1

hd L T 12

Noon 14

16

. . J .
. Figure 19. Comparison of Air Mass when Residence Time is Varied Over Alternating Areas
y, ' of Saturated and Dry Soil: gResidence Time Air Mass 1 - Initially Over Dry Seil
S/ . \ 12 Hours Air Mass 2 - Initially Over '
3% & sasece--e« 1 Hour ' Saturated Soil -
. v
+ Air Temperature / A
5 0 - - -
3 g 1 247 Dew Point
l_-. splon? - T
;,.:-'i'." ; ' . 2 2/'*' = R
/ i
22 L l
(8]
- !
o ] )
i
» S/

Time (hr) .

-




i

Wind Speed (kts)

e

. \
Figure 20. Residence Time vs. Wind Speed
. Fox Areas of Variable Size

L

size . L

(km)» .

i

_85_




, i
-59- ‘ i
{

IIIB. Pressure, Wind, Cloudiness, and Rdinfall !
N > “:
( w0 |
JIIIBl. Pressure i
. - .
: » Y Pressure:variations over areas ?f subsynoptic extent q :

éenerally are not very large in magnitude. Violent thunder-

storms arel attended by pressure fluctuations of several mb

P P

over mesoscale are#s (Fujita, 1955). However, the systems 1~

( ’ . 4

‘ ) usually move rapidly for their size, that is, the [diameter/
* . speed of motionl] is smaller than for synoptic systems. Thus,

the spatial variation in '‘pressure over a subsynoptic area is

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

»
ot s

spatial differences can occur from topographical variation. The 4

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

TN s

height. The area under study is flay so the elevation does not

R
sy”;

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

\\
ks
Y

4

i

:

5

a synoptic station pressure measured at 100 meters ASL is about

1 8 mb. An error of 5°C in determining the temperature at a
|
point (used with elevation to adjust pressure to another height)

*

| would result in an error of only .1l mb’in the 8 mb adjustment.

How these errors in pressure‘will affect the energy budget
*

~
The determination of vapour pressure or absolute humidity

| “

~\ . calculations will now be examined.

for a given temperature and dew.pQint is also dependent on the
pressure, thus the sensitivity of‘a calﬁylat%g? of QE is checked
against pﬂessure. For T surface = 40°C, T air = 20°C, dew

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

P " 1000 990

QE 196.1 192.1 N
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Thus, even a violent thunderstorm can only affect the evapor-

ation calculation slightly if synoptic stations are used to

determine the pressure in the subsynoptic scale.

IIIB2. Wind

pee {1972) has demonstrated the effect of changing the
w;nd speed on var§bgs enerqgy 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, convective turbulence was éssumed dominj
ate in vertical transfer of the turbulent terms. This range i?

of course dependent on the magnitude of the temperature gradient,

which also depends on the amount of shortwave energy available.

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

increase and QS decrease steadily. Here, the mechanical mixing
by the wind/is assumed dominant. The calculations made in this
study are based on experimental resultsuof Malkus (1962). The
results of varying wind speed énd temperature on QE and QS for

a given dew point of the air are shown in Fig. 3. For any
gradient value, 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 s;ec-'l correspond to gfadients of aﬁproximétely

7 and 10° respectively (obtained from Fig. 3). Qleariy, the
égitical wind speeds are proportional to-the gradient. Thus,
érrors in wind speed willulikely be of_little‘consequence o;

| \
clear days when fluxes are of highest magnitude. On the other

| .
hand, when the radiation balance is small and positive, the same
i

2

it
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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 negaFive
gradients at night, an error'in wipd 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 incomiﬂg shortwave radiation at the ground, SG,
and the longwave d?wnward radiation, DFL, which are\bery critical
in determinin& the energy avdilable for the turbulent fluxes.
A true representation of the effect of cloudiness on these ‘terms
at a point on the‘;arth's surface is impossible since the exact

4
position of the clouds in*%%e sky is unknown from cloud reports

|
at a stgtion. For example, if 5/10 ths of the sky is reported

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

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

shining through a clear spot'in the sky. In all calculations
of SG and DFL, it is assumedbthat the direct effects of over-

[

cast conditions will be fel% over a portion of an area propoé-
tional to the fraction of sky covered by cloud, while ;he effects
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/6ﬁiy stat%stically the case. The parametqri-
zation of cloudineé;\will be discussed in more detail in the

Ny
next chapter.

ks,

ey
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It must also be realised that local variations in cloud

|
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
NS

to be overestimated there . An overestimate of tufbulgnt fluxés
will then be made over these moist areas. .It was felt that
parameterization of cloud fgrmation was too uncertain. However,
rédar info?mation available over th? area will be of some use

in determining lo;al areas of cloudiness. The"cloudiness at
grid points not receiving precipitation(will be a statistical
average as geterﬁiqed from station reports,and will not give

the true quantities of incoming radiation on areas represented

by the points.

IIIB4. Rainfall
. — !

J » 1] . - 13 . 0
One must consider the minimum spatial resolution of rain-

fall data necessary for this study. The resolution cHosen need

not be finer than' the ngolution of ground parameters used to

determine infiltration of water into the ground. It is this

o

latter quantity which is important to determine soil saturation,
of prime impogfance in this study. Present techniéues of deter-
mining infiltration are empirical and do not warrant fine :
resolution since only a few variables are used to give gross
approximations of a watershéd‘s capability to infiltrate water.
Results from a method by Lee (1972) are used in this study,where
infiltration is taken as a function of rainfall rate, rynoff

length, slope, ropghnesé of the surface, and infiltration

JRnpeen
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capaciéy of thetéoil. However, even i£ infiltration could be
. . ‘ o

resolved more acqurately and over smaller areas, the improve-
ment gained by increased spatial resolution of‘rainfall will’
ge limited since runoff tends to offset the effect of very
small scale rainfall variation in terms of actual infiltration.
That is, infiltrated water over(é 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 to areas with
less rain. ’

It is gpparént from the reasons discussed above that
it is not necessaré to obtain radar data with a resolution
finer than individual shower cells: the scale of turbulent flux
variations with which this study is concerned. The standard
5.85 km diameter squ?res of averaged\?recipitatioh from the
McGill Radar in Ste: Anne de Bellevue’'will be utilised. The
aVerage'prec&pitation determined for these squéres are baséd
on averaging of smaller areas. Precipitation rates-are deter-
mined from echo intensity using a correlation between rainfall -
rates and radar refleqtivity,based on raindrop size distri-
butions me;sured by Marshall and Palmer (1948). The accuracy
éf such methods are most limited for heavy precipitation rates.
This is however not of great concern to the energy budget
calculations of the, length of time used in this study. First,’

infiltration rates cannot be determined accurately. Second,

areas receiving heavy precipitation will have eneugh water

" stored in the ground to maintain potential evaporation for the

i

duration of ‘the period. This will be the case for a large range
AN

N

i
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4

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

Rainfall is the only meteorological parameter available on

the subsynopt{g scale. N o
1 \ ,
L
’ |
’ b
' @ |
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% . CHAPTER IV

S ) . ENERGY BUDGET CALCULATIONS ’OV’ER A SUBSYNOPTIC AREA i
j : i
x i The surféce eangy budget is calculated over an area of
E ‘ about! 8 x 103 kmz‘sduthwest of Montr;al, lying between the

'Ottawa and St. Lawrence Rivers. The area was chosen because

it hés the flatest topography of any area within'range’ of the

local radar. It is hoped then, that precipitation will not be

i
influenced by orographic effects since this investigation deals

hon e v ey T AR

with the influence of turbulent flux variations on precipitation,
~ ¢

IndividuaL»calcuﬁﬁtions will be made at points separated by a

E
{
4

~.

. " distance smaller 'than the diameter of convective precipitation;

their spacing will be 5.85 km. The-time steps 'will be one hour.

. long in order to utilise thé available observed meteorological '

'

ata. Calculdtions are carried out for a one-week period,

\

1ncIud1ng 3 days of prec1p1tatlon Given the following set of

lnput condltlons, the results are analysed for variations in

- N " “ 3

tu;bulent fluxes. T - .

IVA. Ground Parameters
»» The period chasen, from 2 to 8 July, 1975, followed a

two-weék\period of clear weather. From the*discussion in the

-

. v, .
. previous, chapter, areas covered w1th vegetatlon of shallow o

\

rooting systems w1ll have no av;&lable water for evaporatlon

at. the beginning of the period, on July 2 }The roots must be
less than 30 cm (1 foot) deep if the ground was assumeddsﬁturated

-

before the two-week, drought. ‘

! * 4
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. . oy
Soil Type ) , .

The soil predominant in each area of the grﬂﬁ was deter- {
- Y . {
3

t . . Y
mined from the Soil Capability for Agriculture maps,,Canada \

Ival.

Department of Ag;%culture 91966). From examinationsﬂﬁf“finer' % T

-

resolution soil surveys, United States Department of Agriculture

e,

A .
(19§8), it is clear that each grid area actually contains many

£

or
«smaller areas of different soil types. However, most of thed&" fit

inte the general soil classification given by the soil capability

maps. Each soil was fit into a range;of four soils classified . i

by texture. « The soil types are/;umberqd from the mosit coarse 3

(fine sandy loam): 1, to th% most ﬁihe (clay or loam): 4.

" L

IVA2. Soil Layers : ¢

3

The soil profile contains 6 layers, each 10 cm deep ‘.

' LY

It is assumed that of direct evaporation from the soil top, Y .

.75% comes from theafirst 10 cm,“20% from t£he second léyef,'and
&% fyom the third layer. This distribution is really of little"

" concern,sin¢e it was seen in Chaptq;‘II that direct evapora-

tion is very small compared to transpiration from plants. ’
The water holding capacity is defined here as the

{available water for evaporation, and is éiven in Tableld for

Y

the various 'soils. Also included is the rooting depth of .
'shallow rooting crops, defined by, Tho;nthwaiée and Mather as
. Y o v r

splnach, peas, beets, and carrots. It is assumed here that the

)

‘major agricultural crdps of the area to be studleék youn%}corn
- QW\
and grain, will have\51mllar rooting depths .in eafly summer .

The total water available in the root zone is obtained for the

This informatioh

3
N

various soils, Thornth%aite and Mather (1957)..

appears in Table 14. I . @
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Table 14. Available Soil Water to Root Zone

—_—~

NO SOfF TYPE | WATER HOLDING'  ROOTING - AVAILABLE WATER FOR -

o, & Bk, s £ SR S s
° -

) CAPACITY DEPTH L TRANSPIRATION
: o / cm em~1 cn ‘ cm
f\( L
i . 1 Fine Sandy .15 50 , 7.5
1 Loam '
\‘ “r‘ * +
. ’ Sandy Silt '
é 2 Loam .20 62 12.5 i
} , ﬂf j
- I 3 Clay Loam .25 " 40 10:0
y . ' - : :
; 4  Clay . .30, 25 - f 7.5 ‘ i’
~“ " It is noteworthy that the jcombination of water holding
- capacity and rooting depth leads the medium texture soils to
have'the most water ayvailable to the root systeﬁs of these plants.
Next, the above information is used to determine the
iz N water holding capacity of each 10 cm layer, BW, and the proportion
n of roots in each layer, FP. The roots are .considered. to be evenly
spaced in the dﬁrtical, as discussed earlie&. BW qﬁd FP are
¢ \‘presented in Table 15 for the various soils. . (\ N
Table 15. Appropriation of Root Zone ‘
e -
Fp FP Fp FPp FP FPp
Each Layer lst ~ _ 2nd 3rd 4th 5th 6th
SOIL NO BW - cm Layer Layer Layer Layer Layer Layer
| - 1 ' 1.5 ".20 .20 .20 .20 2007 0
1 : :
2 2.0 .16 .16 .16 .16 .16 .16
* "
\ v . 3 2.5 .25 g +25 .25 .25. 0 "0
i 'Y
4 3.0 .40 .40 .20 0 0 0
O . |
N
r / :

. \lx‘
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IVA3. Vegetation Type and Amount

Each grid area was assumed to contain a frartion of the

{
[

following land type;: ° ’ ;

v#’é) CROP - These are land areas determined as non-forested
from topographicaf maps, Canada Department of Energy, Mines and \
Resources (1974) . They are chosen to represent the areas of
shallow ropted crops with the above available water for transpirJ%V
ation from the verious layers, depending on soil type. In ordey

!
to investigate the extreme variation in turbulent fluges possible
+

“

in such a region, it is assumed that these fégions will have

no water storage in the root zone at the startxof the calculatlon.
That is, the saturation level of these 1aye£s is set to zero,
initially. The parameter of vegetatlon amount is taken as leaf
-area, index of 2 and the albedo is jEO. .

" b) FOREST - These are delineated by greeﬁ shading on

the topographical maps. They are assumed to have a sufficlently
deep rootiné system to maintain potential transpiration of water
stored deep below the surface. These ,areas will maintain poten;
‘tial trapspiret%on through the entire one-week period. The

leaf area index, BLA, is taken as 6, with an albedo also of

.20. The eoil\below the vegetation stand is considered'to be
covered by 2 units of leaf area index of dead“veget’tion matter
which can also interrupt water and shortwate energy before
reaching the ground. ’

c) WATER - Only a small area of the entire reglon is

covered by water. Most of it 1ncludes Eﬁ§ﬂma]or river systems,

although there are a few small lakes. It was not felt

@




o / _69-' §

VW_@; 2, -
. warranted to spend an extra calculation at each grid‘point on f
‘ ( ' the energy budget of water surface as it would not differ greatly

from the wet land or foregt area if the water is sufficiently
’ ,

shallow. Hence, the water ‘areas were included as additional

.
o
h <

( fractions of forest. '

Calculations of the energy budget were done separately
’ 3

for crop and forest at each grid point. The turbulent flux

terms from each surface are combined in the ratio of the areas -

s

comprising each grid point. w

8 P ‘ .
. \\
Iva4. Elevation, Slope, and Runoff Length

: a) ELEVATION —‘This parameter willl be used to adjust
temperature and pressure to a common height for all grid points,

which will be discussed later. Tﬁe values are read off the -

topographical maps of the region at each grfid point to an

accuracy of about 30 meters. Fig. 21 represents, the elevation
: ¢
~« Of the area under consideration.

<

é X b) SLOPE - This parameter is used to determine runoff

using the method of Lee (1972). The maximum slope from the R

¢

resolution of the topographic map was determined acrods each

1

érid square. The slopes are' expressed as the f;éction of change
in elevatioﬁ divided by horizontal distance. For the area
studig?, the range of slopes werd& from .00? to .026 correspond-
ing to 20 ta 200 me; ? change in elevation for a horizontal
distance of 5,850 é’iexs. H?wever, for thewmost part, the
slopes were found at the shalldw ené of this range. Since’the ;
area is l%kely to contain‘steeper slopes ¢f a scale too small

to be resolved on the map used, it is beligved that this
. v '

L4
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h parameter was generally underestimated. The effect will be

; ( : to underestimate runoff.

L

c) RUNOFF LENGTH - This is another parameter used to g

RS A

'determi‘w runoff and is*definéd as the distance water can-flow
5

along the ground from elevation ridges to troughs. . It is the 2
b -t

length which water may be infiltrated into the ground before

-

R g

fiowing into a channel or stream. It was taken from the map
as half the perpendicular distance between;adjacent streams.
Since all troughs are not resolv;d, this paraﬁeter will also
be overestimated. The result of this will as .well be to under-

estimate runoff, Pecause infiltration is overestimated. :

S b e
p—
-

IVB. Meteorological Parameterg

The value of' each meteorological pargmeter'used at a

~

(3 grid point is obtained in the following manner. There are -

three meteorological stations which report the parameters on an

/

!hoﬁrly basis: Montreal, Ottawa, and Massena: The value at a

i S T AR

grid point is extrapolated from’fhese threg observations,
[
2. weighing the importance of each- by their distance from the

: point. The method used is taked from Pugsley (1970). The

4 . o ! s -
. extrap®lated value must fall within the limit of. the three
. values observed. . }
o \ ) . ‘b’
IVBl. Screen Level Temperature

Also known as surface temperature’, their reported values
at the stations are first adjusted to,sea level using the
gradient between this tempera%ure and the 975 mb teméerature
from the radiosonde. However, the dry adiabatic lapse rate is

never exceeded. Next, these adjusted temperatures are extrapo-
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' . " . " o . 1 é Y
lated to the grid point in guestion, using the method cited
f‘ ¥ A “ - v
above. Finally, this temperature is readjusted to the height

of the point.
! v
IVB2. Pew Point

The screen lqvel dew points measured at the three stations
are extrapolated to the point in question. No adjustments are

made for elevation.

IVB3. wind N

The surface wind reports measured.at the three stations

are extrapolated directly to the point in question. c

-
X

IVB4. &Station Pressure

The station or surface pressures reported at .the three
stations are adjusted to sea level USlng the hydrostatic approx-
lnmtlgg with the temperature of the added layer' of atmosphere
equal to the average between the surface and %75 mb level. The
sea level’pressure is then extrapolated"to the point in guestion.

L ¢ .
Finally, this pressure is adjusted to the elevation of the

. .
point using the same procedure. - \)~
‘ . , \ \\
IVBS. ?'Sounding ' ‘ ‘\W
4 - -

The soundlngs from Albany, New York and Manlwakl,

Quebec are averag;g and used as the basiéradlosondes for the
eStlre grld. Each base radiosonde, as used for a 12 hour
p

rigd, six hours before the observation of the upper air to

six after. Shortwave clear sky radiation, SGC, is calculated

from such soundings, considering absorpt%on of energy from ‘

* 14
Y
3 .
N !

-
A A M
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space by water vapour and Cdz based on equations from Bailey

( r; (1965) . The value of SGC is considered constant over the entire
. : o

- grid for a given time. The maximum variation of -8GC at noon

. : ' 1

over seven days is about 5%. The change in SGC is quite small

as the radiosonde varies from day to day, hence it is highly
!

improbable that the spatial variation of SGC is sighificant for

WA g T M s

v any instant in time.

For purposes of longwave calculations, the sounding T i

is modified from point to point, each hour, in the following
, i ;

manner. After the surface temperature,’ dew point, wind, and g

pressure are determined at the point in guestion, the surface

temperature is checked against® the base radiosonde surface ;

PR e caeve oy

temperature. If warmer, the higher levels of" the radiosonde

b

;
are warmed such that a dry adiabati¢ layer is formed to the %
!

o

level of pressure where the dry adiabat becomes Iégg'thgn or

1

El

equal to the base radiosonde temperature. This levelfis then %

PETRTRY,

taken:ﬁs the heié%t of thermal mixing. The surface dew point

determined at the point is 'used to calculate the surface mixing
}
) - ‘ {I
- ratio.” This mixing ratio .is considered constant with height

’
k
Y
3
{,
2
%

up through the layer of thermal miiing. 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.

Utemperature at the point is lower than the surface temperature
Jv“_{

from the base radiosonde, then the keight f mechanical mixing

3
z‘?

-

- iy

7

is determined ag a functlon of wind speed, as in CLOE. The”~

Bt

temperatures between the mixing heiéht and the surface are cobled,

&
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such that a constgnt gradient exists through the mechanical

mixing‘layer. Again, pressure levels within this layer are .

Pl

! .
set to dew points Which correspond to the mixing ratio deter- ‘
mined from the surface dew point and pressure at the point.

‘ °.”

IVB6. Cloudiness - ' y

o ¥
K

Hourly information of cloudiness is obtained from

surface aviation weather reports. Cloud amount, base height, ?
i

and cloud tQpe are given for as many as three visible layers,

with the exception of Massena which does not report cloud type.
N . - i
Cloud amount is reported to 1/10 accuracy, with uée exception ’ ;

of Massena ‘which reports to the nearest 1/4 of sky covered.

¢
stations reporting clouds near the same height at the same time.’

2 .

v ’ ,( 3 ‘;
Cloud type at-:°Massena has been ta%gn as that of the Canadian ' ‘é
{

{

|

Cloud bases and amount are determined at a grid point

A

by extrapolating these parameters from stations reporting the "

same cloud type. The cloud base levels and amounts at these ;

pEe

levels'are used for longwave calculations. Depletion’' of short-
wave radiation is calculated, using Table 16 of transmission Lo
due to various cloud.types under overcast conditions. These
figgrés are based on observations taken near Boston by

Haurwitz (1945) and are statistical in nature.

3 -

Table 16. Transmission Under Overcast Conditions
&

a . LOW MIDDLE HIGH
CLOUD TYPE St Sc Cu Tc ° Cb As Ac Ns Ci Cs' Cc

Transmission )

nder Over- .25 .35 .35 .20 .10 40 .50 .15 .85 .75 .75
cast ‘ : ‘ ]
Conditiens . T
', \ - ) . !
Al ) * /‘
» A
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‘at one of the three stations and averaged in proportion to the

‘Rainfall Rate'

-75-

»

The{depletion is taken linearly as a function of cloud -
N .

»

amount from zero under clear skies to [l - QOverdast’ 4 N

Transmission] when overcast using the following equation:

o

1-Cloud amoﬁnt fraction x [1-Overcast Transmission]

. | , J |
The calculation is done separately for each cloud type visible
fraction covering E?e celestial dome. The, above represen%s a.
statistical average over space and time of the effects from * %
cloudiness at each pqint, rather than the actual distribution
for a given time. ? L h

If precipitation is reported at a point from the radar’,

g L] & - L] L] \ 3 13
it is assumed overcast with'the transmission being a function

of rainfall rates in‘ﬁ linear fashion from Table 17.

°

Table 17. Transmission as a Function of Rainfall Rate

°

LIGHT RAII\}' MODERATE RAIN HEAVY RAIN HEAVIER RAIN

S |

R S ot S RN o i A B v i &

:
i
¥
X
1

. . { .
(incges hr-1) 0+ 0.1 0.1 » 0.3 0.3 - 1.0 1.0

Transmission .25 + .15 .15 » .10 .10 + .05 .05

3

N i

3

: v
Fig. 22 depicts the éiortwave radiation absorbed by the

l

ground over the area during the 7-day period. It has’ to be

¥

remembered that the incoming radiaj;on is constant, as is the
. .
albedo over the area. The a?;brbe

energy is seen to vary by
about 10%, with Jlowest values in the north and highest .in the
south. This is a result Jf a difference in clogdiness. varia-

tion in rainfall during daylight hours has some affect onathe\ ]
R | , a
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" cloudiness calculations, and hence causes the small scale varia-

( tions ih SGA. However, the large scale wariation in SGA from

g . north to south could not be due to- the very scattered precipi-
tation pattern (Fig. 23). This must be the result&\f akeon—

sistent minimum cloudiness reported from Massena j}n comparison

to Ottawa and Montreal,which are on a lihe to the north. If,

for/example; middle-clouds are reported (overcast transmission

= 50) and Massena reports .2 less cloud amount than the other
¢o° two statlons, then the transmission will be .1 or 10% higher

s

. at Massena. Since the cloud cover at Massena was only given

4

, ., to the nearest .25 in amount, the variat;on in SGA over the -

) 7-day period, of 10% ‘seen in Fig. 22,1is no%;likeiy to be real,
° , o | 0 ’ N
but rather due to the inaccuracy of the observations. This error

could present itself in turbulent flux maps to be presented

- o . .
b k]
N ‘

laterias a 10% variation from one end of the map to'the other,

3 but not over small.distances.
) o
\ i

4 ° a

IVB7. Rainfall ' ' : '

0
I

o —

.

Hourly rainfall rates were'gathered from records at

»

the Ste. Anne de Believue radar for grid squares 5.8 km in -

?

'diameter, corresponding to the. grld points where the energy

A

gudget is cal&ulated As mentloned earlier, the ralnfall rates
are determlned from their correlatlon to radar reflectivity.

The lowest height for which the radar reflectivity can be
\

¢

obtained increases with d%stance from the radar. This is because

a horizontally d#ected radar signal travels in a straight,
{

line,rather than following~the curved path of the earth's surface. ,

This height of the signal above the surface at the grid point,

'

&
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Figure 23. Precipitation, 2-8 July (cm)
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furthest from tﬁe'radaq is 3 km. To be comsistent for all points,

- , Y , Lo ~3 .

: (f . " the rainfall rates used are determined from reflectivity

- , intensity at this height. * °
: IVBS. Runoff and Infiltration ' ‘

- - a
[

, The, runoff and infiltration rates are takeh as a func-

DS
-
e 0 oy,

. o .
tion of slope, runoff length, rainfall rate, infiltration
,L L)

R

A
(3 . A ’
capac1tyﬁof the.soil, and “surface roughness, based on results

¥-

- B from Lee (1972). The results from this method producéd no

- t . -
runoff, even whereg maximum rainfall rates of up to 2.8 cm hr 1

B , -

- . . —
. | (~1 inch hr™!) fell on relatively dry ground. It is believed

(“' " L) " ~ >
, that the runsz was underegtimatea since the slope was under- _ '

P RS g | w2 e gt -

' estimated and runoff lengjph oygresﬁimatgﬁ. Téo little runoff ;

n

fIém rainfall on the f%r%t day could cause ‘too great a soi} ' ]

{sture content later in the perlod. The time réquired for a ‘ -

; ©
ch!nge ;n Eurbulénﬁ fluxes due to soil moisture depletlon was

A
- -
¢ | ]

fopnd\to&be directly proportlonal to the initial wa'ter.available, " !
’, . ‘. .4 :

r

”
v ! * (‘)
portional to the error in’'X,caused by an -underestimation in

4

Epnoff. ’The -maximum ralnfall to_.occur on a glven day was 3 cm.

* + » J . : hf ) N -
, X. Hence,the overestimatlpn(pf this time will be directly pro-
b : . .

Cal Iﬁ X is overestlméted by 10% because of the neglectlon of
ey runéffd gpe t1me at Wthh QE becomes zero ;:i% beJ verestimated
; . by‘o?ly .4 days of the actual 4 2 days. SR . N
i-‘g" b ﬁ N © . e . - 7
: ' - i b ) N [
) ! v . ] f ' ' "\4‘ \b
. ¢ . © : S
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_"IVC. 7 Results \ I

('l * « . ,
b

- . {
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Ivcl. Potential Evapotranspiration ‘ ,

ST T e e, L L
L

The results of the 7-day total of QE from the forest
, 5
-area are presented in Figure 24. Since it was assumed that an

Y O e

unlimited supply of ground water was avajlable, the forest
. e

,-~
o S O P
s

areas reﬁresept the potential‘latent heat flux. 'As with the

; ) 'SGA map, there i: about a 10% v?riation in total QE over the
area, but in this case the pattern is increasing from southwest
“to northeast instéad of from north to south. Referring t9
Fig. 25, wé'see nearly the opposite for QS, i.e., it increases

i from NE to SW . It is udnlikely that tpese patterns are ¢

mostly the result of the radiation pattern, because the two

turbulent fluxes increasein nearly the opposite direction.
From earlier analysis of turbulenht flux calculations, it seems
likely that the variations are due to the effects of a variation

in surface dew point, temperature, or nightime wind. . .. ;

Table 18 gives the 7-daycaverage EembErature, dew point,
Tl ®

and wind for OGttawa, Montreal, and Massena.

Table 18. Average Temperature, Dew Point, and Wind for 7-Day
Period. (NIGHT = 1700 EST - 0600 EST)

( DAY = 0600 EST - 1700 EST)

. OTTAWA MONTREAL MASSENA
Temperature (°C)

p ' NIGHT 21.5 20.4 19.4
DAY 25.6 . 25.0 26.9 -
: . \ Dew Point(ig) :

]
NIGHT 13.9 16.4 ' " 14.8
DAY 14.7 : 16.4 14.1
vy

‘ Mind (kt) »® ’ -

NIGHT | 3.2 PP 2.8
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' % Figure 24. Latent Heat Flux From Forest, 2-8 July B -
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- . . FPigure 25. Sensible Heat Flux From Forest, 2-8 July
N - (Calories cm~2 week“l) .
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It is seen from Table 18 that the average daytime
(,'1 & surface temperature at Ottawa and Montreal vary about .5 degrees,

while the dew point is 1.7 degrees higher at Montreal.® The"

e

. ’ \
. effect of the. dew pet nd wind is to increase QE and decrease
‘ 0S towards Montreal, as the results show. The lower temperature

at Montreal could not account fgr the observed effect. From
’ « «

wind at Montreal is almost twice that at Ottawa at night. The ‘%

* the following, it is clear that the temperature difference is
i not significant. If the 7~-day total QE at a point with an
elevation equal to 250 m is compared to.one nearby with 60 m
elevation, the total QE is eeayly identical. This is the case

despite thé screen level teﬁperature being nearly 2°c different

)

in the day due to the elevatlon dlfference, while the dew point

| ‘-(’1-

~and wind are nearly equaI From this, 1& must be concluded that

\

¢ pattern seen in section IVBGhave caused the large scale varia-’

3
tlons in QE and QS.

!

Ivca. Evaporation from Cropland - QE for 7-Day Period

Since these areas were assumed to have no evaporation

i

at the start of the period, the 7-day QE tqtal‘from suc%‘areas
w1ll be highly dependent on the time:and amount of rainfall.

The 7-day QE appdars in Flgure 26. ‘The results include

il

‘ " the eﬂﬁects seen on the potential evaporation from the forest
’ =N

-

areas. A ccmparlson of two extreme values in Figure 26 shows
.a variation from 125 calories (where .22 cm of rain felljand

evaporated) , to.1206 calories (where 2.19 cm of rain fell-and

infrltratgghef which 2.08 cm evaporated). These two points lie

' only 30 km apart. This variation of 1000 calories répresents PR

¢
- - T

) ,

the lower dew point and wind at Ottawa in addition to the SGA S




/

s -

o

FTFEG me e e

e w e

Figure 26. Latent Heat Flux From Crop, 2-8 July
’ (Calories cm—2 week™1) - -
. R - R o~ T TN N x
W - HAWKESBURY
: - : (AL
01 ——— -
— 500 . i -
4 Y
. /
~. l-‘
[s0]
— N
LEGEND 1
-: + Relative Maximum
“*“ | - Relative Minimum
P-,: . Grid Point
X Reference Point
- r
Ar/ HUNTINGDON .
» x -
- s -
\ < .
Q . * -
- S




T,

( ‘>

n ey T N TR

P
o

4
H
I
\
f

e

-85-
'l
28 % of the averagé potentihl transpiration from forest, about

three times as great as the varratlons in QE due to differences

0

in clouds, w1nd and dew point between the statlons as geen in
EVCl: R%ﬁf' the Variglion is not a. large scale one, it is
related to‘the scattered nature of the 7-day\precipi£ation shown
in Figurs 23. The map of éE from cropland shéws the most extreme’
variation which would be expected over a dry ,area followipg

{
the passage of scattered convective precipitation.

-

IvCc3. Average franspiration from Mixed Crop and Forest °

Outside of arid climatéé, the landscape usually\contains
some mixtu;g of vegetation'types. For simplicity, the enE;gy
budget was run with the two extremd land types previouslf dié-'
cussed at each grid point. To obtaipibhe variation of the tur-

‘bulent fluxes on the scale desired, ﬁh%,results'from the two
surface types at each grid point are averaged, with a raéio
obtained from the fraction of each grid point area which @s ’
forested. The average values of 7-day total QE and QS appear
in Figureg 27 and 28, respectively. The stipled area represents

the portions of the region assumed to contain more than 25%.

P

2N

forest. The result is a complex mixture of the two separate.
"land types combined with different ratios at eac? poiﬁt,«in
other words,\gombined effects of rainfall and land types. For
the most paﬁﬁ, the higher evaporation values. occur on aréas of
mixed or predominately forested areas. The variag@on 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 happeh to have virtually

i 3

T T e

o gt



Figure 27. Net Latent Heat Fluxi
. . (Calories cm 2 week™ 1)
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I , no precipitation. These are therefote near the mlnlmum of.

. Q’ﬁ ' Figure 26. The region also contains areas of predominately

»

4 + forest land which happen to have more eyaporation‘than crop- . .

o

lgndfreceiving maximum rainfall, the maximum of Figure 26.-

1 v
3 IvC4.  Representation of Area Average Evaporatlon by
3 . Use of Certain Point Values

-
]

L Energy bu@get calculations for very large areas cannot
make individual calculations at grid points' as closely spaced !
. |
as in the present study. The usual practice is to choose

radiosonde statiohs as points of aalculation. This section

will compare the area~average evaporation obtained from all 229

\ ; :
grid points to that based on only three points located near the

w 3
synoptic stations: Montreal, Ottawa, and Massena.

Akmhi

Figuxe 29lcompares the daily evaporation using only

* three paints (dottedline) to that with 229 points of calculation

! (solidv}. Rain occurred on the 1lst, 6th, and 7th day of the

per}od. The underestimation of area evaporation using dnly

;the three point values is noteworthy. . Also, the shape of the
curve reflects the changes in ﬁhe real area evaporation.

The underestimation first decreases, then increases with’time
after the first general rainfall. The cumulative error in
evaporation from the start of the period is plotted with the

' dotted line in Fig. 30. The same trend is indicated while the

\percentages range from -20 toé -40 per cent, a formidable error.
The fact that the evaporation was underestimated by the three

points chosen was by chance. It c¢ould be that if three other

poihts were chosen to base the calculations, the evaporation

. N

~
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Figure 29. Comparison of QE from Area Using Vafious Methods
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could be overestimated,or even close ‘to the calculation based

PRSP

on all the points. The differences can be caused by these
three faitors: o

1. Bpecipitation amount and time differ at. three

points from average using 229 points.

2. Other meteorological parameters such as temperature,

dew point, wind, and cloudiness vaxytat the three points from

- +

the average over the grid. \ '

3. Surface types at the three points differ from the

area average.

"

To investigate the second factor, reference is made to
the d;scusqionoof the 7-day QE from forest over the grid (Fig.

24). . Since most of the variation in space was large scale and

due to differences in dew point and wind at the three stations,

it is reasonable that the average potential evaporation using
the three stations should be very close to the average usind

all the points. However, this omits the consideration of small’ <

L3

scale variations in temperature, dew point, wind, and cloud at

I

the grid points. Referring back to the discussion in IIIA, the

L3

effects of such variations in temperature and dew point were
[ \

considered, when scattered areas of wet and dry surfaces are
|

present. If these aréas are taken to be in the order of 50 km |
wide, from Fig. 27, and the average wind of 3 m sec"l is used,
then from Figure 18 tﬂé error in célculating QE without using
the variation of temperature and dew point will not exceed 7/470,
or 2%. Since there is no way of knowing the variation of cloudi-

!

nes¢ at each point; the effect of using the cloudiness from only

¢ .
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three points cannot be determined. The effect of variation of

the wind is presumed small as discussed in IIIB2%

©
A

' g ' ) .
Next, a correction for the thi;d factor is qade. The

3 ' ' % . 4
average fraction.of forest and crop for the entire drea as a

[

whold is used, rather than the actual fractions which happep .
to be present at the three points. The results appeér as

dashed lines in Figures 29 and 30.D The -difference between the

N

three point calculation and the calculation using all points
. :

is reduced to at'ﬁosf 33! The evaporation on day 2 is nQW’an N
overest;mation. This is probaély caused by more precipitation -
over the three points used than the area average on day 1.
Thus, thelfirst factor is no&ngggﬁiderea. From this discussion,
thetremaining 3% error must be due at least’in part to a diff-
erence in amourt and time of precipitation at.the thr;e points
sampled and the area average. To test this, the energy budget

. > i

would have to be run usiﬁg the area avérage of precipitation

each hour. However, it is clear thatothiixerror depends on the

. . 3
initial dryness of am area and the degree of variation of

preq}pitation‘in time and space. The precipitation will haye

a minimal effect on a totally covered area initially being wet.

Y

To conclude, the energy budget calcualations at a point
can accurately represent an area for aaone-week summer period,;if

the average surface conditions and averége precfpit;tion of the

-

.

entire area are used at the point, every time step. There is

no reason to believe that this conclusion will be altered if

v
8 . R
a longer period is-considered. This is because maximum spatial

\

‘ ' ”~ Vet ’,} ‘
- . o ! \ .
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variations were considered here. The period included highly
3 N '

convective precipitation, the highest shortwave radiation of

AT oL et R by i

|

the year (and hence the highestturpulentfluxeé). Also, the

area contained the most extreme differences likely in land

’

characteristics. ) o

IVCS. Changing the Ratio of Forest to Crop

Man's influence is constantly felt on the earth's
“surface. Forests are cut down, fields are plowed, crops are
d. ‘

grown. This was the first sequence of events which took\piace

’ .

on the North Amefican continent since the Europeans arrived
over thé last three centuries. However, 'in the last century,

)
the trend has been reversing. There has been a decline in

farming and hence the amount of farmland in marginal growing

areas has declined drastically (Black River - St. Lawrence
Economic Development Commission, 1874). In the .area for which -
the energy quget programme has been calculated, it has been

estimated that the amount of farmland has decreased from 12 to 30%

in about the last 20 years (Black River - St. Lawrence Economic

Development Commission, 1974; Ongario Department of Agriéulture,

1969). To assess the effects of this surface‘change on the
climate, it is possiblé to determine the change in turbulent
fluxes which would result. Table 19 includes the present
ratio %f crop to forest as determined from maps and the ratio

/.

about 20 years ago, assuming the two estimated losses in farm-~

land reverted to forest or a forest-type area.

N
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Table 19.

0

FPRDURIRSVE S ooy

Crop and Forest as Fractions of Total Area

| &

1975 .. 1950 1950 3°
(Assuming Minimum Change) (Assuming MaximumiChange)
CROP, /.74' .77 .82 4
\A L . i
FOREST 126wy : .23 ' .18

a

These two estimatpd sets of fractions for 1950 are applied to the

area averages of total 7-day QE from crops and forest to obtain
L4

estimates of tﬂe average evaporation if 'the c¢hanges occurred
F 4 i

1

equally over eéch grid square. The 'same is done for Q5. The

estimations of area averaged turbulent fluxes in 1950 are

t ~

compared to the average in 1975 (obtained from Figs. 27 and 28).

ThHese are shown in Table 20.

“ 5
- - ]
Table 20. QE, QS (calories cm 2 week l) for 1950 and 1975.
N
1975 1950 ‘ *
Minimum Change Maximum Change R
QE 1312 1206 (-8%) 1053 (~19%) '
QS . 1031 1109 ( 8%)

1239 ( 20%)

I

) |
Under the same atmospheric conditions, the evaporation.would

have been from 106 to 259 céléries less two decades ago. This
gives from .18 to .4} cn less water/evaporated to the atmosphere
over a 7-day period., The sens%blé heat flux would have been |
from 11 to 30 éalories greater each day. If these changes are
1ncorporated 1nto the atmosphere, the maximum surface air temp-

%rature would have been about 3 °c Plgher on a day in 1950. Also,

n 7 .
1
. I v '
.. . .
. Co v
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the dew point would have been nearly §°C lower. If the additional

/

sensible heat flux available to'the atmosphérg in 1950 was used

to warm it below 500 mb (without horizontal divergence of air),
1

the 500 mb height would have begn from 11 to 32 m higher after

one week., These figures imply a formidable effect on the atmo-
sphere fdollowing periods of clear dry weather.

1

The change in land use discussed above has generally
been observed over eastern North Ameriéa. If there has been no
such change in the western half of the continent, then the high
level flow of air shéuld be different today ﬁollowing periods
of dry weather. The 500 mb height in the eaét will be lower
than in 1950, while the height in the west will be the same. 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 th; air flow to have a more nprtherly component
following periods of dry weather than before the land change.
This pattern requires more subsidence of air over centraLlNorth
America. Hence, the development of precipitation will be

suppressed further in this arTa. The dry period will be self

enhanced and likely last longer there. ‘

a

IVC6. Turbulent Flux Patterns Associated with the Appearance
of Precipitation. '

The pat%erns of convective precipitation which occur
over the area will now be compared to the patterns of hourly QE
and QsS. 'Tﬁis investigation seeks to probe the conditions of
convgctioq with respect to local variations in air mass (and

hence turbulent fluxes) at specific times when' the precipitation

%
\\

[I—
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formed or entered the area. Individual cases are thus examined
for their own conditions rather than seeking a statistical
approach including all 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. K ’

0f the 7 days for which the energx budéet was calculated,
3 days received precipitation. 1In all 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 trough and developing 500 mb trough

\ B
approached and passed the area late at night. A wiflespread

precipitation pattern occurred over the area as a result of
large scale lifting near the trough. However, isolated areas of
intense .convection were imbedded, as evidenced by the non-
uniform pattern of rainfall.

July 3, 4, 5 and 6 were free of any"precipiﬁation in
the region. The tropospggre was bésica;;y stable during this
period as the result of subsidence following the trough passage

on the night of the 2nd. However, theffhct that these days

were stable inno way implies that the quantity of turbulent

_fluxes were smaller than on day§ with precipitation. 1In fact,

the mean daily QE + QS from forested areas was 397 calories on
non-rain days as compared to 358 calories, 11% less, on rainy
days. l'I‘hié is because of more cloudiness on rainy days,

yieldiﬂé less available energy for the turbulent fluxes.

R
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On the afternoon 6f 7 July, a small area of precipi-
Eagaon developed in the southeast section of the area. On 8
July, an intensifying trough again approached from the west,
but did not pass through until the following da&. Isolated
convection first developed, mainly‘in the north of the area.
This will be the first case to be considered.

l., Case 1 —'July 8

To be considered is the prgcipiﬁation, which first
appeared on radar at about noon on this day. The hourly preci-
pitation at 1200 EST represents the precipita£ion rate from
1130 EST to 1230 EST and appears in Figure 31. The maps of
hburly QEI and QS for the area at 1000 ESTare presented in
Figs. 3; and 53, respecti?ely. Tﬁé”area of precipition from
1200 EST is superimposed with shading in these two figures. The
hourly QE and QS at 1100 EST are presented in Figs. 34 and 35,
respectively. It should be noéed that sky coﬁditions were
reported as mainly clear at the three reporting stations at
1000, 1100, and 1200 EST. Comparing the turbulent flux maps of
1000and 1100 EST, one can see little differenge between the two
hours. These are nearly the maximum posglplg’fluxes since the
sky is mainly clear and the sun is close to its highest eleva-
"tion for the day. Also, this implies‘that a change in ground
water from the4ropland is not noticable from one hour to the
next in the QE, QS patterns. Another point is that an over-
estimation of incoming radiation is very likely between Ottawa

and Montreal just before 1200 EST, because the cloud pattern

associated with the precipitation was likely present at least

~—
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Figure 31.* Precipitation- Rate at 1200 EST, 8 July
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Sensible Heat Flux at iﬁo
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Latent Heat Flux aE 1100 EST, 8 July

Figure 34.
(Calories cm™4 hr~+)

B k. e

©

e P o R T TS T A L s - -

%X
HAWKESBURY

DTTAWA
" RIRPORT

-T10T~

- LEGEND

+ Relative Maximum
- Relative Minimum
. Grid Point

X Reference Point
._ggecipitation :

0 -1 cm hr't

R
§§§ 1-2cmhrl

- >2 cm hr 1




.’—

- T N i & 20 R

»
~

Figure 35. Sensible Heat, Flux_at 1100 EST, 8 July
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one hour before the outbreak of showers. The cloud pattern

(‘ was undetected by the three observing stations when rain'was

re
= et st hema bbbt B o -

reported ?y radar at intermediate points at 1200 EST, so would
it also have been undetected at 1100 EST if present in/the same
area. For these reasons, the turbulent fluxes are cgﬂsigéred
from 1000 EST to represent those immediately preceding the
development of the precipitation system. Since the input of

®
energy from the ground is greatest in the lowest’part of the ,’

'

H
E
)
g
:
:
%
{
!
%
i
i
;
"
b
H
%

_atmosphere, the éurface wind is considered to fepresent the flow
,of air parceis being modified prior to convectipn. Once convec=
tive precipitation develops, it will move with the flow at a
higher level. The surface winds at 1000/EST are plotted near
ﬁtheir poiq&s of observation on Figs. 32 and 33, with the
exception of Montreal which actually lies off éhe map some 30
km to the east. The largest area of precipitation appears down-
wind from a long area of very high QE rates. However, the heavy
pre;ipitation occurs over an area of very high QS values jﬁst
northeast of the moist area. Since the available energy (SGA‘;
DFL) varies only slightly over thé grid when the cloud conditions
are the same at all  stations, the total of?QE + QS is also nearly
equal over the area. Herice, QE is inversely proportional to
QS.  Areas of maximum Qﬁ are associated with minimum QS, and areas
of minimum QE are associated with maximum QS. ‘ !
To examine under what conditions comvection would Pe
}ikely, referenqe is madefto Fig. 36 which contains the radio- |
sonde determined at 1000 EST over a point near the area where

v

heavy precipitagion occurred two hours later. Note that the

9 |




e L I T -

] B,Q
,‘*:, XA
, . A
} ) - ).:‘
Figure.36. Atmospheric Sounding, 8 July
, ~—— 1000 EST ,
) - - - Addition of only QS
) 1 ' ~ xxxx¥x Addition of only QE -
> P .,' n.,..l.'
- . - .. \ ..
. d ) e ?
- K .'- \ R
- ., v . \". P R oI RN
* D.:-...o-n--oo ------- ’.--:.‘" fee st c T .'.' » ..
...":}\\ o .S ‘ 4 R .
R ~. — g - ‘ eeete
o - . - S o e " i le .- - :
'.- . ) -~ ~ . - . , -&:-o. -
- - ‘e .. \\\ '. 7 ! .“
‘e . ~ . *tee
LI \\ . \ : . & 1
:l. \. ..:_'....SOOmbl,.. te e st ee me et e sete ey N
"_"..".‘..-::-'-':‘....‘.........e\& B \ . x :. i
- * ". -.- \ - \ ‘i" ¥ ¢ '.. '
- . ‘. o . LY ) i
TN R e :
- . E N\ I . ¥
-~ e \ * \ * .'. i
I.‘I‘p"l.l.llI......I""....".‘....7oemb..\..' ..'...)..‘. .!.":‘.....P LA e
- . o -

\ ... ) .'v '.. ) ‘-"
L \
N < ’. -.-‘-.. \
- . . . N\
l » ..g..'..........."...--v'.sogrnb'"""0‘-]0--'0'.:' e Ne o,
. . - s N
- . R al a, \

- i . N o-.o- s .“ .\
!

Lyt X

....o--no--c -o.goomb------n.---.-- - . ---..--’...-.-.

.-'n- T
o‘. < . o
N R L - .
o @ . ~ -
o egdne ..
a .
LT RIS LLO0OMD commm e e e e e
.

-1boc- 0°¢ 1d°b

.



\ ' | -105- | g

“ e I
s / !

layer of convective mixing extends no higher than 925 mb. The i
('t lifting condensation level is above thigaigbel at 910 mb, but ;
some energy would have to be supplied to‘ove;come a small nega-

!

/' “tive area under the level of free convection at 850 mb. Neg-

A TE Nt a

lecting frontal or large scale synoptic lifting, it is clear

that for convection to occur the air must be heated furt er, or
?

e

moistened from %he surface. '
The addition of water vapour with no addition of=sensible
.heat is first considered, that is, the addition of positive QE
! but zero QS. The water vapour content must be increased in the
* layer of convective mixing such that the lifting condensation
\

level is at or below the height of convective mixing, 925 mb.

For this to be the case, a large quantity of evaporation is

required if the moisture evaporated is distributed evenly through
13 ‘

the mixing layer. The dew point curve (x's) represents the

addition of watet vapour guch that the lifting condensation

level is brought down ‘to theigiifit of the-eq§vective mixing

layer so that moist convection Wi¥1 just become possible &ithout

large scale vertical motion. An increase of surface dew paint

of about 2°C is required, with the addition of 66 calories of

3

latent heat flux and zero sensible‘heat flux.’ Howe&éf, convec-
tion can be preventéé if Qs is negqtivg 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. Referring to Fig. 33, the same area is assoc-

iated with negative QS. \Thisarea has a very high fraction of

water due to the(St. Lawrence river. As mentioned earlier, water

!

- i

3
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areas are parameterized as if they were forestyj If water were
considered, QS would be even more negative since changes in water

temperature lag those of ground surface temperature. It is

L

noteworthy that no precipitation formed downwind from these
i

areas. ~ . 8

/

Now the addition of sensib!g heat flux is considered

‘With no latent heat fiux, i.e., the addition of positive Q8
with QE equal to zero. In this case, the increased thickness

of the layer of convective mixing is shown in Fig. 36 by solid o
lines. To increasé the layer to 820 mb, the surfaée tempera-

y v

turé must be raised about 2°C and the addition of 134 calories
is required. Since it is assumed that water vapour is evenly
distributed with height in themixing layex, the mean mixing

Q

ratio of 'the thicker layer is less because the lower moist air
) -

was mixed with dryer air above. Hence, the surface dew poin;
drops and the increase of the convective mixing zone without
e&aporation also increases the height af the lifting condensation
level, from 910 to 820 mb. Thus, the mixing level must be

raised beyond the original level of free convection becéuse of

the effect of vertical mixing of water vapour. Moist convection

can begin only at a higher level and the total positive energy

of convection will be léss. Therefore, convection is likely to

be somewhat less intense than in the .case of moistening. This
could explain the small areas of heavy precipitation which
, \

occurred downwind of a large area of high QS in the southwest

\
5
\

part of the area.
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Finally, the addition of b?th latent and sensible heat
together is considered as itiwould occur with the passage‘of air
over areas of positive QE and QS. For example, the addition

| .
of QE can compensate for the increased lifting condensation #

level associated with the addition of QS. The height of convec-
tive mixing is thereby raised without changing the lifting
condensation level. Table 21 summarises the preceding discussion.
It contains the turbulent,fluxes required to obtain moist

convection as a function of height of base of the convection.

e

Table 21. Various Combinations of QE and QS (calories cm—z)
Necessary for Convection, 8 July, 1000 EST

BASE OF \ REPRESENTATION IN
CONVECT ION QE Qs QE+QS FIG. 36

820 mb 0 . 134 134 solid Lines

850 mb 45 67 112 None

909 mb 48 34 82 None

925 mb 66 - O 66 ‘Lines of X'S

No " . .
Convection - <0 -— None

The vertical stratification of temperature and dew point
on this day were sﬁch that the total amo;nt of energy derived
from turbulent fluxes necessary to start convection dectreased
with‘a shift.of energy from QS to QE. This type of strqtifical
tion will be referred to as a moist sounding. It follows that
convection should occur eafliest over areas of highest QE where
QS is not less than zero. The three paths indicated on Figs.

32 and 33 .(derived from the surface wind field) are used to 3
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follow the motion of surface éir.for
(0930 EST - 1130 EST). The turbulen

are presenéed in Table 22.

Table 22. QE and QS (calories cm—2

a period of two . hours

t fluxes added in each case

\

two hours‘l) for Various

Air Trajectories LY
' PATH . A ’ . B - C
P \ ! -
Q?f\ ' 12 70 108
. Qs - 57 8 -3
QE+QS 70 78 105

L

Conditions for convection will be met after these two hours
only for path B, over the moi§t areas. It is.not met for path

A or C. Indeed, the largest and most intense precipitation was

first reported 1 hour later downwind from path B (the time
necessary for the growth of an echo from a cumulus cloud is in
the order of 1/3 hour). Moreover, the area is of the same scale

as the width of the moigt land area,of high QE flux parallel

to the wind. The more spotty prec’ipitation downwind of the
r d . o

1argé dry area with high QS is evidence that convection is on
the verge of developing. It is reasonable that once convective
cells develop, they may be advected with the higher level flow

and also set up their own dynamic vertical motion field. For

e

example, subsidence and/or increased cloudiness surrounding the
- ! .
. | : . ’ .
first area of convection may influence the possible later devel-
opment in surrounding areas. For these reasons, later times

were not investigated.
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2. Case 2 - July 2
‘As men@ioned earlier, the precipitation pattern was
widespread as it was, advected eastwards in the afternoon. Hence,

cloudiness was also widéspread in the vicinity of the'large
l

precipitation area. However, the pattern on th;§ day is still

~ worth examining since only a high overcast was present at the

stations an hour or two before precipitation entered the western
portion of the area, yielding 70 to 80 per cent of their maximum

values under clear skies for a given hour. |

N If the radiosonde at 13OP EST is considered, from Fig.
I

37, the stratification is rather unstable but dry. Thus, a

&

small amount of QS relative to QE is necessary to start moist
convection. 1In contrast to the moist sounding on July 8, this
sounding will be referred to as dry. 1If the same analysis of

turbulent flux combinations necessary for moist convection is

\

done, the results are obtained and presented in Table 23.
t

[

Table 23. Various Combinations of QE and QS (calories"cm-z)

"Necessary for Convection, 2 July, 1309 EST .

|
{
BASE OF

CONVECT ION QE Qs QE+Q5
820 mb 0 44 44 |
s . t o
835 mb 36 22 58
850 mb 90 - 0 90

2
U

Less total turbulent flux energy is required for moist convection
as more energy is partitioned to QS, which is the opposite effect

X
as that on July 8.
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Addition of only QS
- - ' x xR Addition of only QE
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. : - Figure 37. Atmospheric Sounding, 2 July ’ ’
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Figu es 38 and 39 show the precipitation patterns for
1500 EST andéLGOO EST, respectively, on July 2. The precipi-
tation should firsf develop in areas of highest QS rates. .0On
the first day's calculations, the- highest rates will be over
those gfid squares with the highest fractions of crop land.
The area with more than 75% crop is unshaded 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 af points representative of the shaded and non-shaded

areas are presented in Table 24.

Table 24. Representative QE, QS (calories em 2 two hours™ 1)
at 1230 L£ST - 1430 EST, 2 July
' J
CROP FOREST

.Crop Fraction 1.00 0.75 0.50 0.o0d
QE 0 30 59 118

Qs : 79 52 26 -27
QE+QS 79 82 | "85 91

-

The amount of QS+QE frommost areas is enough to start con-

vection by itself without lifting of air from another source.
™~ 3
However, the areas of highest QS require the least energy,

and should initiate précibitation 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 all areas. \The

bands of heaviest precipitation generally correspond to the

s
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Figure 38.

Precipitation Rate at 1500 EST, 2 July (cm hrt)
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Figure 39. Qgrecipitation Rate at 1600 EST, 2 July (cm hr_l)
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25 contains the results of ananalysis of turbulent fluXes nec-
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areas of high QS. However, advection of predeveloped precipi- \

tation makes the analysis more difficult. This, and the importanée :

1

of larger scale liftingover!sensible heat flux variations, make ;
b .

the effect of the surface less noticeable in the present case ,
‘ \ i
than in the first. N {

3. Case’3 - July 7

The third and final case is the precipitation of July 7.

The sounding used at 1300 EST is presented in Fig. 40. Similar

to case number 2, this sounding is classified as dry. Table

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 QOF b,
CONVECTION QE Qs QE+ QS
775 mb 0 27 27
800 mb 120 ‘24 144
820 mb 216 21 237
Cd
850 mb 297 . 0 297

As in case 2, 4partitioning of energy to QS would facilitate

cdnvection. The sounding is more dry and unstab}e, so that the
time difference between initiation of moist convection between
dry and moist surfaces should be much greater than the previous

|
case, making the effect of the surface 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

P

constructed radiosonde is accurate, theﬂ subsidence must haq?
suppressed convection over most of the area. '&ndeed, the com-
parison of the 0700 EST and 1900 EST observed radiosondes showed
subsidence warming of up to 2-3%% neg; 700 mb at both Manawaki

and Albany, the two nearest measuring locations. Assuming that

all this warming was due to subsidence, downward large scale

S AT E NI I s e s ST s

motion of the order of 1 cm sec” ! was occurring at this time. ;
The cémparison of the precipitation to the QE and QS i

patterns one hour earlier at 1400 EST are shown in Figures 42 §

and 43, respectively. Again, precipitation should begin

noticeably earlier in areas of higheét QS. The western portion

i
:
:
.

of the precipitation developed over an area of high Qg, nearly

30 calories cm_z. However, the eastern portion was over an

area of near zero QS, and 25 calofies cm_2 of QE. Moreover,
extensive areas in the north and west had relatively large amounts
of QS, approaching 30 calories, yet ng/ precipitation occurred
there. Thus, the occurrence of precipitation in this case is

not noticeably affected by surface variations. The precipitation

r 3

seems to occur downwind from the Adirondack Mountains. The

topography of this area is known to have an effect on rainfqll.
This appears to have been the case on the 7Hh,as more precipita-
tion alsg fell over the mountains to the south and\east of the
area' considered.
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. Figure 41.. -Precipitation Rate at' 1500 EST, 7 July (cm hr )
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Figure 42. Latent Heat F%ux at 1400 EST§ 7 July
(Calories cm~4 hr-1) -
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4. Conclusions

From three cases considered, it islseen that the surface :

has an influence on the time of development of convective precip-
However, this

influence is only evident at certain times. The manner in which

k Sy
the influence is manifested depends on the nature of the atmo-
e \
spheric stratification of heat and moisture. The addition of .
QS will favor convection if the lower troposphere is unstable

a

and dry, while an additibn of QE will favor convection if the

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 suffidient to influence convectidn in

cases where vertical motion is not dominant. However, variatdion

in precipitation on the small\sca%e cannot be totally due to
evaporation and sensible heat variations over an area.

A spatial distribution of precipitation, of the scale

H

considered here, can only be maintained over a longer period of

time if the same distributionqrepea;s itself due to the effect

I

of stationary surface characteristics. Since variationS‘in'

surface cha57cterlst1cs do not always have an effect, one would

expect the spatial variation-in prec1p1tat10n, as a fractlon of

°

average total precipitation over an area, to ‘decrease as the

period of time considered is lengthened.;
3
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CHAPTER V -

‘N\f§~J SUMMARY AND CONCLUSIONS . \

1
.

[ -
The surface energy budget of a land area has been studied

3
during a summer period containing convective precipitation. 'This

was done by using an existing numerical model with measured

0
meteorological parameters as input. Calculations were gone at
, closely spaced points between synoptic s;ations. | ’
" It was found that spatial variations in turbulent fluxes
. ‘due to differences in ground water can be quite significant.

.

A minimum dry period required for depletion of~%oil\water was

Iy

found as a function of root depth. If rooting depth is S::étant

over an area, variations in turbulent fluxes can only arise if
) »
A\

\ .
scattered precipitation occurs after such a dry period. However,

Pl

variations in rooting depth between forest and-crop areas can

account for large spatial variations in turbulent flwxes after

R v gt O e
emg

b the minimum dry period for the rooting depth of crops, The

ST AR R

addition of a varied precipitation pattern was secondary in
)

3

affecting the spatial variation of turbulent fluxes.

The spatial variétioné in dew point and temperature
resulting from the differences in ground.water are insufficient
to requife the usé of closely spaced points of observation to

™~ determine the evaporation over an area. Howe&er; the spatial
average in precipiégtion and vegetatio; types in the area—mﬁst
be accounted for when using the calculation-of the enérgy budget
;t a'singié poiqt‘tb }epreéen% that for,an area.
, The decrease in farml?nd over the }ast two decades could
@ . J

account for signi’ficantly higher evaf)oration after prolonged dry ™

[}

\ periods, if forest-like.areas have replaced the abandoned %andl

. . . - N
N °
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Finally, the spatial variation in turbulent fluxes
which arise after a dry period in summer can have an influence’
on the pattern of convective precipitation, if large scale

vertical motion is weak. The type of surface over which convec-

tion will first develop depends on the moisture and temperature

stratification of the troposphere.
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