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ABSTRACT

Climatological and ra.d-ia'tion data from Guyana observed at Botanic

dardens, Ebini, and St. Ign:.-vxt:iusl.~ are used to estimate potential év‘é.po-
, transpiration by various methods. ’

The climate of Guyana is also analysed for the purpose of deter-
mining rep;eséntative sites for ‘evapotranap?ration-experiments, and
for analysing the climatic influences on poten.tial evapotrafnspiration.

{ The Penman energy budget approaéh is adopted a.; control. The
results of the study show that the pan coefficients (EP/Epan) increase
from the coast towards the savannah region, or from humid to dry
conditions. The equilibrium<thodel cannot be used in the savannah
regio¥n during the dry season; while evapotranspirometer\s are unre-
liable over 5-day periods, éuring the wet seasons becau’se‘ of heavy
rainfall and during the dry seasons because of the oasis effect.

The semi-empirical energy budget formula gives fairly reasonablr

5-day estirhates of potential evapotranspiration . However, whe

shortwave radiatign data "are available, the Penman energy budge

method should be used since a high correlation is found between -

.

net radiation and incoming shortwave radiation.
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Y . ‘ ' RESUME
o a K] '
Vi , \ '
G ;! ' ’
‘ . Des donnees climatologiques et radiatives de Guyanne, observees

K

aux Jardins Botaniques, Ebini et St. Ignatius, sont utiiisées pour estimer
. ¢
! e'vapotranspiratioy potentielle par difféerentes méthodes.
. o X / / .
Le climat de Guyanne est aussi analyse dans le but de determiner

. s ‘. / PR
des sites representatifs pour des experiences d'evapotranspuauon et

. T,

pour analyser les influences clima.iiques sur 1 €vapotranspiration poten-

tielle. ' @ ' '

¢ o
r Le bilan énergétique de Penman est ployé comme contrdle. Les
1 ) 5 *
résultats de 1 étude montrent que le '"Pan" coefficient (EP/Epan) augmente,
cr e
allant de la cOte vers la savane, ou'changeant d'un climat humide 3 un
( Voo ) !

climat sec. Le-modele a l’équilibre ne peut pas Qt'é utilise dans la

. \ c . ’ . \
savane pendant la saison seche; tandig que les evapotranspirometres

ne sont pas fiables pour une période de cinq jours, pendant les saisons
- . 1

humides a cause des fortes pluies et pendant les saisons séchgs a
, .
cause de 1l'effet oasis. :

°

'

Le bilan énergétique semi-empirique donne des estimés de cing ‘

jours, d' évapotranspiration potentielle, passablement bons. Cependant,

o

quand les données de rayonnement de courtes longueurs d'onde sont

disponibles, la méthode du bilan "e’nergétique de Penman devrait etre

utxhsee car ily \une bonne correlation entre le rayonnement net et le «

Ied

: rayonnement descendant de courtes longueurs d ‘onde.
Y . . “RQN
' s . N
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‘ . CHAPTER ONE .

y ﬁ INTRODUCTION

» ” . I A
Most of the population of Guyana lives on the fertile coastal plains

along the Atlantic Oceax; and flooding of towns, yillages. and fields is
a regular occurrence in the rainy seasons; on the other hand, severe
droughts occur in some years when the wet seasons begm one or two
months later than expected, or terminate earlier. To prevent the
. resgultant ‘a.gricultural fa.i\lures and other tragedies, and also to improve
watey resources planning,.the Qovernment of Guyana is improving
the drainage and irrigation network of the coastlands. The success

1 of this scheme depends on proper estix-'nates of rainfall, evapotrans-'
piration, soil water storage, subsurface and river runoff, and thqe
wate\r requirements for domestic and agricultural use. During the

[ -

dry season there is insufficient‘rainfill and the fields must be irri- .-~

-v

gated such that the amount of stored water is equal to the evap‘otrans-

piration and subsurface runoff. However, durmg th_e— ramy seasons

the fields must be_drained.. where the dra}_nage is such that there

-

are no floods in the rainy seasons.,a-nﬂ\-no water shortage in the dry

-t

seasons. The €xcess watef in wet seasons and the water shortage

E

in dry seasons q.;:e'ﬁbth dependent on sofl moisture content” before

L]

-t
-

. ra.infag_).,.—w'ﬁ'ich to a large extent depends on moisture loss by evapo-
r - =
- _.transpiration. -~
‘s N -
A - —However, the coastland is a few feet below sea level; therefore

,4‘,“,
Ik AR
-

its water budget is influenced by surface and subsurface runoff from
the interior regions and ‘thus indirectly by evapotranspiration in the

-y
interior regions. Consequently, an evapotranspiration study of the g



1
-
0

- that -of 'estima‘ting potential evapotranspiration (EP).

‘ :
Guyana coastland must include all parts of the country. On the other

hand, a method developed for estimating evapotranspiration in one
4

climatic region may not necessarily be valid in another region.

v

The importance of actual evapotranspirationt in water balance
analysis must be stressed. This quantity is extremely difficult and .-~

costly to measure directly. However, it can be ,obtaixlled from potential

evapotranspiration. Thornthwaite, Budyko; 'aind Penman all showed

[}

that the actual evapotranapxratwn is equal or proportional to potential
evapotranapxratxon. dependmg on the availability of soil moisture. The
T

problem in Guyana may therefore in the first instance be reduced to

'
a

Besides its practical dpplications, EP is a useful climatological
index and its determination would provide additional information about
the climatic regions of Guyana. It is. a combined effect of many

meteorological parameters: wind, atmospheric dryness, net radiation,

N

etc. It is also the opposite procesgs to rainfall, since it.involves re-

i

turning water vapour to the atmosphere. Climatologically it is just
as important as rainfall. However, energy is required for evapo-
transpiration and the climate of a region is somewhat an effect of

the energy that remains to heat the surf%}ce and the atmosphere after e

T——evapotranspiration has taken place. Thus, latent evaporation is one

term in the energy budget equation.l For these reasons, Thornthwaite
(1948) used potential evapotranopxrauon in his climatic classxﬁcatxon
or clu'natxc-aubdwxnon- of the world. .

The Chief Hydrometeorological Officer of Guyana, in a personal 7
letter {1972), said: '"Last year we started computing Penman evap-

oration at Georgetown, Botanic Gardens. We found that the Penman

/
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‘t‘ W M
o \

estimates o"{;‘ pe&h water evapbration were substantially higher than
:2‘3\- ' N
measured pan’évaporation. These preliminary investigations seem to

indicate that the Penman formula used was not appropriate and may

well re'quire modification for Guyana cgnditions’. - However, there l1s 2

B

no possibility in tﬁe’ near \future of setting up any large scale evapora-
tion experiments such as was cione i;l the U.S.A. in Lake Heffner and
Lake Mead. " '(E'otte.r. 1972). A reliable means of estimating EP in

. this tropicai ‘region would he'a big step fo;'waré in local climatology -

and related disciplines. To find arlxd test such a means is the objective

of thiks thesds. ’

)

2
. . * ]

1.1 Summary)aof work > v ) ‘

In Guyhna, potential evaporation has usually been estimated from

pan measurements which, unfortunately, do not yield reliable results

in the tropics because the pan coefficients -developed in mid-latitudes
do not hold in the humid tropical climate. However, pan evaporation
may not be totally useless; provided a suitable correction is worked

- out for tropical conditions. This is attained if a reliable method of
ﬂ

calculating EP is used to obtain suitable pan coefficients. Such a

method, however, must be both reliable and practiﬁal undé]r Guyana

o 1

conditions, faking into consideration limited finances, a. general lack

of instrugnents, recorders, electrical facilities, and the &absence of

a climatological laboratory.
v In order .to compute potential evaporation more accurately, the

Penman energy budget formula (Penman," 1;348) is used in this thesis

as the necessary basicmeasurements simply include: net radiation,

wind run and vapour pressure deficit.




LN

¥, Wind run and vapour pressure deficit- are already measured
~——
by the Guyana Hydrometeorological Service, while soil heat storage

. L

is found to be negligihle and not necessary for EP. A net radiometer,
two solarimeter‘s, two actinographs, and two psychrometers were loaned
b¢ Prof. R.J. Garnier, Geography Department, McGill University. Ac-

cordingly, an actinograph was installed in each climatic region of Guyana
s /
during the period July’l972 - February 1973, to provide daily incoming
g e
shortwave radiation. The actiidgraphs were calibrated using the solari-

meters, and ‘the net radiatjon is obtained from incoming-shortwave

radiation (actinographs) after a relationship is established befween net

.
]

. radiation and incoming shortwave radiation. Each climatic region re-

quires its own linear regression, as the soil, vegetation, and cloud
Ay

characteristics are -slightly different. The Penman method, based on

the actual physical process of EP, is here used to obtain cont¥ql data
for testing other methods.

The Penman x@ethod (19_4;3) uses radiation which, unfortunately, is
measured only at one first order climatoiogical station since January
1972. For practical applications in remote areas, another method
rhust be found that usés ordinary climatological data in place of radia-

Il
tion. . Accordingly, the semi-empirical Penman formula,-using bright

sunshine, temperature and vapour pressare data to estimate net.ra-

diation was tested, and the constants suitably pnodified.
In order to verify the esgiynatio;l of EP by the Penman formula (1948)°
two drainage lysimeters or evapotranspirometers were installed at
Bot'anic Gardens along the Atlantic Coast, at Ebini in thé inland forests,
and at St. Ignatius in the Rupununi Savannahs. With the measurement

of soil moisture content at two places, actual evapotranspiration can

eventually be estimated.‘




.

1.2 Outline ‘of the thesis . | .
. ) \

The thesis is presented in #ix chapters. The present introductory
chapter is followed by one in which various methods of measuring and
evaluating potential evapotranspiration are reviewed, including evaporation
instrurjnent‘s, aerodynamic formulae, energy budget approach, and em-
pirical formulae. Emphasis is given to those methods that are suitable
‘and practical for Guyana conditions. The controlling factors that in—' * N
fluence the methods selected are (a) the t;'opical nature of Guyana's
climate, (b) the l.’i.mited facilities of climatological stations and (c)
the practical ugsage of the methods which should be vali& over areag
of land and not only for,,sﬁptlacific |intes.

.Chapter Three is presented as a review of the Guyana climate,
illustrating the main characteristics of each region and the climatic
influences on evapotranspiration in each region, and to show that the

climatic regions are sufficiently different so that each region requires

-
special modification of the evapotranspiration methods selected. The

most accessible and developed climatological station in each region is
selected for experiments during the period July 1972-.February 1973,
which is found to be slightly drier than the mean climate of the-July-
February period. -

Chapter four: After positivély deciding on the methods to be used
and the location of sites, the author spent the summer of 1972 doing
field work in Guyana. Two evapotrax;spirometers, constructed from
pipes and standard oil drums, were installed at each station together

with an actinograph, The latter was calibrated using two sol?.rimeters,

while a linear regression between net radiation and incoming short- .

wave radiation was established, using measurements from the, nét




radiometer and solarir;xeters taken over a period of 15"days at each
site. This thesgis is based é;imarily on climatological, evapotrans-
pirometer and radiation measu;'e;nents taken by observers of the Guyana
lHydrometeorological Service during the Lperiod July 1972-February 1973.
Other data, but less significant for thelthes'is, include 20 years C;f
climatological data. 2 . ;

In chapter fiv;, EP is determined by various methods which are
testﬂéreating the energy budget method ‘as a control. lSuitable monthly
pan coefficients are evaluated and the relative contribution of ret ra-
diation to EP determined. . The EP results are uso.;d in a water balance
scheme, yielding the daily actual evapotranspiration and other coinponents
of the water balance. ‘

In this research considerable attention is giYen to p'revious climato-
logical work done in tropical regions. In Guyana, the McGill Savannah
Research Group has been investigating the savannah-forest delimitation
and work done on the savannah xlirr_xa.te, in the form of graduate theses,
incllude: the influence of climate on the Rupunlmi. vegetation (Frost,
1966), and the weather conditions ;.xid the climate of the Rupununi
(Atwoki, 1?68). For'the water balance, both authors tused Thornthwaite 's
fox"mula for EP but emphasised that it was chosen as being the best
method pc;séible at the time, rather than because of it's intrinsic ac-

cura.cy.

In Barbados, the earlier evapotransfxiration results of Rouse (1966)
and Watts (1966) are still relevant to Guyanao. The more advanced
research employs the equilibrium model where EP de\pendsl on temper- “

ature and net radiation (Garnier, 1972a). The latter can be reasonably

estimated from incoming solar radiation. Given incoming solar radiation,

¢

14



b M ;
it is po‘ssi;)le to map the topographic variation of incoming solar ra-

diation (leumayake. 1971) by considering the changes of the sun's zenith

angle and the slope with topography (Garnier and Ohmura, 1968).

Garnier (197Zi>) believes that "topographic\variations in net radiation

can be rationally evaluated by” me;ns of observations taken at a single
representative site.'. In spite of the difficulty of mapping topographic
variations of temperature in Barbadps. it is possible to map the’vari-

ations of EP as it takes quite large temperature variations to cause

a

large changes in EP. "The equilibrium model is therefore attractive
for estimating EP inh Guyana for small scale agricultural and large '
scale hydrological uses. |

Evapotranspiration research in Nigeria was inaugurated by Garnier

(1956, 1960) using evapotranspirometers and Thornthwaite's formula.

-

Davies (1965) found that the Penman formula, 'using empirical net
radiation and aerodynamic terms," was too high in Nigeria but recom- "
mended a new approach by“mea.suring the net radiative flux over

vegetated surface. His new approach (1966) '"'proved valuable in esti- !

Vo
mating EP and in delineating moisture availability on a broad scale."
in Nigeria. This approach is essentially used in this thesis, princi;
pally because instruments for other methods are unavailable in Guyana.
j
o
; { .
It
f
1
- '
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CHAPTER TWO

THEORY OF POTENTIAL EVAPOTRANSPIRATION

Evaporation, tl;xe change of state from liquid to vapour, occurs if
there is an inpl‘lt oi energy at the moist surface and a négative verti-
cal graaient of‘ vapour pressure above the surface. Thel amount of
evaporation depends on the available moisture within the soil and.on
the rate of diffusion of water vapour away from the sutface. It is,
therefore, a complex physical process. /

Although evapotranspir?,tion, the total water loss by evaporation
fro;n the ground and transpiration from plants, can be measured by the
use of lysimeters, there is no simple formula, using eagily'available
data, to compute the evapotranspiration rate. With this difficulty in
mind 'scientists, notably Thornthwaite (1948) and P-enrnan (1948), devel-
oped formulae to compute evapotra;aaspiratiofx under certain ideal con-
ditions: (a) an unli?nitgd water supply, which ejlimina.tes soil mois~
ture influences ox evapotranspiration, (b) the crop being shlort and
of even height, to reduce atmospheric turbllence, (c) the crop:
cévering an extended area, so there isb n°o"'oasis effect", and (d)
the crop covering the ground completely, to reduce ground evapora-
tion. Potential evapotranspiration takes place under such.conditions
and is often realised in nature. ~

Methods used for d'etermini.ng evaporation'and evapotranspiration
inc“lude various instruments, the water budget approach, empirical
fermulae, a.erodynam?ic formulaé, and the energy budget method. In
spite of nall these methods for evaluating evapotvmnspiratioix':. there is

no exact solution to the complex processes involved. Much work has
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’ ». been done on the theory of evapotranspiration by scientists whose works

L e e

v have been reviewed by several authors including Munn (1961), King (1961),
Konstant'uibv (1;)63). Rose (1966), Sellers (1967), -Chang (1968) and Gray ‘
et al (1971)." Some of these methods are reviewed here, but em-
phasis has been given to those that are suitable, reasonably accurate,

and practical under Guyana conditions. .

7

2.1 Measurig Instruments

(a) . Class "A'" Pan: The most widely used insi"rument for mea-
suring evaporation is the pan, of which the U.S. W.B. Class "A'" Pan
has been adopted by W.M.O. as standard. It is cylindi'ical in shape

. with dimensions 47’. 5 x 10 inches, being exposed just above the ground
on a wooden frame support. Kohler (1955) suggésts a formula to obtain

shallow lake evapor’ation-by correcting for advected energy through the

sides of the pan. His equation is; _ o

E; =0.70 [ Epan + 00005 p o (0.37+ 0.00410)(T, -T,)*" 88] (2-1)

-

where EL is lake evaporation, Epan is pan evaporation, p is atmospheric

pressure in inches of mercury, dp is advected energy used for evap-
oration, U is pan wind run.in miles/day, T, is surface water tem- -
perature, and Ta is air temperature in °F. Kohler provides a nomo-

' [}

gram for the advected energy but over the range of water temperatures
4

. and pan wind run found in Guyana it can be approximated by:
{3
%, ' = - v y ‘ -
g\p =0. 24 +o.9047 T, +(log, U - L. 1)£10.0 (2-2)
) l
Although eyaporation}pans are inexpensive and simple instruments
to operate, their measurements depend on size, exposure, colour,
' . splash-out of rainfall, turbulence, and many other processes‘for which
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:

; ’ there are uncertain corrections. Mukammal(1961) and Chang (1968)
- ’

2

.

rv . Gondluded that evaporation pans are by no means ideal evaporation in-
£l ‘3 PL .

1 .

struments.
‘(b) Atmometer: ‘ Thia consists of a porous procelain disc, "which .
is t\fxe evaporating surface, drawing water from a reservoir by capillary
ﬁ.\ tension. However, the instrument measures the ''drying power' of the
" _air and the rTsults are difficult to interpret since the latent evapora- ‘
triqn is very responsive to wind and less iso, to net radiation, which is "

the dominant factor influencing evaporation over natural surfaces. v

| 11 §
Watts (1966), from readingé taken in Barbados, states that atmometers

S A&

"are unadjusted to the tropical trade wind environment."
'
(c) Lysimetei-: The lysimeter utilises a weighing mechanism
for accurat~e determination of surface water logss from a large block
( - of undisturbed soil contained within the instrument. Pelton 0(1961) found

. that "the most car¥fully inatalled lysimeter may still not provide data .

which accurately represents the average evapotranspiration of the sur-

™
4o

rounding area.' For representative data the accuracy should be to a

. water equivalent of 0.0l inch, necessitating a wei’hhing device. A
*b " hydraulic weighing mechanism will reduce the cost considerably. Per-
'

colation, soil moisture retention, and root distribution should be in-

L5

]

distinguishable from the surrounding soil, thus requiring an undisturbed

2FEY,

“anEr g oY

soil block with a tensioning device at the bottom.

Because of its immobility, high cost of installation, and maintenance
the lysimeter remains a research tool for checking the accuracy of

.
v

other methods, and for comparing variations of evapotranspiration due

N |
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. to differences in crop morphology, soil, and meteorological conditions

over short periods of tirre.

(d) Evapotranspirometer: The evapotranspirometer \.will be des-
:, * cribed later in more detail but basically consists of a drum of soil
maintained at field capacity by the abplication of a known volume of
"’ water. By monitaring’ the moisture input and drainage of the soil
within the drum, the EP can be_measured' over long periods, more
than 5 days (Garnier, 1956). The instrument is rather attractive for
use “in Guyana as"it‘is simple to instal and requires little maintenance.
o . -
2.2 Water Budget
The water budget approach can also be used in the determination

of actual evapotranspiration (EA), based on the following equation -

(Rouse and Wilson, 1972):

. S N

EA=R- OS -V, -V -8 _ , . (2-3)

»
t . *

' where R is rainfall, S is surface runoff, and V‘.;;Qis horizontal sub-

surface runoff. ASm is the volumetric change in soil moisture,

= as determined by the gravitational change in weight of daily soil samples-

2 s

or by a neutron scattering. device. V_, the subsurface drainage, is

;o

given by v
- - _ d¢ ,
, V., = v K, Iz '
e ’ ) _ dy
- = K, 35— tK,
A o0 ' (2-4)
g -
# . o 1where K, 'is the capillary conductivity, ¢ is the hydraulic head given

e

o ms s e
T, R G,

o
SRS
e S

Fre .

|
|




' by the sum of the matric suction, ¢ , and the gravitational potential, .

if z. The conductivity, K , can be determined in the laboratory, while
1 ,

t - 'Y is measured bg soil moisture tensiometers. -

Y . | “

{k ' " Rouse and Wilson (1972), usir;g a neutron scattering device, have
:\ shown that this method is unreliable over daily periods because of
o 4

L4

S unavoidably large errors in measuring soil moisture profile, capillary

conductivity, and matric suction due to considerable goil variability

%

over short distances. Consequently, the determination of drainage
] ] [

and change of soil moisture was not realistic, especially during periods

of rainfall. -

The water balance method can also be applied over a river basin
where ‘all the qdantities in equation 2-3 are constantly monitored. How-
. =
ever, none of Guyana’'s river basins are sufficiently instrumented to

allow such a methbd to be executed (Potter, 1972, personal communi-

LY

cation).

2.3 Empirical Formulae

Numerous empirical formulae have been devised for estimadting

o

potential evaporation, but only a few of the most popular will be

v

mentioned here. !

-

(a) Blaney anci Criddle ' ‘- - developed a simple formula for

i estimating monthly consumptivé use in inches: .
1 U=KTmp (2-5)

where K is the crop coefficient that depends on length of growing

-

season, height and completeness of vegetation, 'Tm is the mean

_monthly air temperature in °F, and p is the number of daylight hours
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in the yea"r. The formula does not work outside semi-arid regions
(Chang, 1968) and therefore may not work in Guya,na."

H
L J

- (b) Thornthwaite's formula is based on easily obtainable climatic
data and reads:
*\.r

EP= C (10 Tl—“l ) (2-6)
n

. LAY

where Z&

N
P is in centimeters, C is a coefficient depending on location;

. © S8
Tm is mean monthly temperature in °C, 1is annual heat-index or
r o

12 1.514
1= 3 [Tm]
1

-

(2-7)
! ° ‘
and a = 0.000000675 I° - 0.0000771 I + 0.01792 1 +0.49239
The monthly EP is next corrected by the actual duration of daylight in
the month to give the adjusted EP.

9

Pelton et al (1960) report that 'the Thornthwaite method was found
unreliable for daily, 3-day, and 6-day period estimates, because mean

temperature is not a suitable physical measure of energy available
for evapotranspiration,"

)
(c) Makkink’s formula, considering solar radiation as the prime

cause of evaporation, is based on the fact that with high temperatures
more solar radiation is used for evapotranspiration.

The formula
reads:

E = 0.6l (Qiq) { ?:T - 0.12

(2-8)
where (Qiq)}

is the incoming short wave radiation expressed in mm/

day by dividing by 59.0 (t‘he energy in calories used to evaporate 0.1 c.c.

at 10°C). 8 is the slope of the saturation vapour pressure curve at




; .
fd ‘e . ’ - o |

K ‘ mean air temperature in mm Hg/ C, and ¥ is the psychrometric
N Eonstant 0.49 mm Hg/°c.

, : /

(d) Turc gave a-complex formula to estimate evapotranspiration

over 10 day periods, by taking into consideration the effects of soil

moisture. [t reads:

¥ E = [’%%EM!!{(?] 1/2 , (2-9)

==+ 71

2,
where &
E= evapotranspiration over a 10 day period (mm)
R= precipitation over a 10 day period (mm) '

EIO; estimated evaporation from bare soil, assuming no precipitation,

and is not greater than 10 mm.

A
n

additional soil moisture available for evaporation (through
vegetation) from cultivated soil

=25 \/ %—5 where M = total dry matter yield in 100 kg/hectare
10, = length of growing season in days
C = crop factor given by Turc

I = "evaporation capacity' of air

_ (T+)/(OWR

3 where T is mean temperature over 10 days.

However, Turc’'s method is so complicated that it is rarely used.

2.4 Aerodynamic Method

(a) Dalton: This approach to evapotranspiration measures the
rate of water vapour diffusion by turbulent motion in the lower bound-
ary layer. Dalton " first used a simple aerodynamic formula to

estimate free water evaporation:

Eo =k f(u) (eg, - ¢,) (2-10)
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where e, is the vapour pressure of the air, e, is the vapour pressure

)

at the evaporating surface, K is a constant, and f(u) is the wind speed

profile. However, the surface vapour pressure, estimated from surface .

temperature, is difficult to estimate.

(b) Thornthwaite and Holtzman (1942) regarded evaporation as the

diffusion of water vapour, i.e.

E = - pk ?; S ‘ (2-11)

where p is the air density, z is the height, q the specific humidity,
and k is von Karman's constant. For adiabatic conditions only, they
) assumed a logarithmic wind profile and that the eddy diffusivity, k,

is the same for momentum and water vapour., Consequently

, B e
k u du
E=z-p—_1_ 2
p Tog :. \ daz (2-12)
2 IS .

where u) is the wind velocity at height z|. Integrating between two
heights 2) and z;

2
E:Pk (uy - uy) (qy - q, )

z 4
(log -;f— ) (2-13)

Holtzman modified equdation (2-13) for any condition of stability while

Pasquill (1949) expressed it in a more convenient form for all heights

of vegetation. .

However, the aerodynamic method cannot be very accurate under
unstable conditions and cannot_be adopted as a field method in Guyana,
because ina;anfaneous and accurate measurements of wind speed and

. specific humidity are required. In Pasquill’s equation, the zero plane

displacement varies in a complicated manner with different wind speeds.

i

. C o N

~ %"

o L - [ .. . \,.~=

4
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- - /
() Eddy Fluctuation: The eddy correlation method first devised
L -
by Swinbank (1951) is much more compli}tei although the idea‘is fun-

damental: \
% .

E =p wq T ' (2-14)

7

which means that evaporation is proportional to the instantaneous fluc-
t}ations of vertical velocity, w', and water vapour, q'. The instru-

mentation makes this method prohibitive for use in Guyana.

2.5 LEnergz Budset

-

(a) 807 Ratio: From the principle of conservation energy,

the differenCe between incoming and outgoing radiatiefi, Rn, is equal\

~

to the sum of the flux of heat into the ground, G, the sensible heat

transfer to the atmosphere, H, and the latent heat used in evaporation,

LE; i.e.
Rn=G+LE +H : (2-15)

Bowen (1926) introduced the ratio

v

oT E
H e, Ky x5 K oT oT
p = = = Y —— D r—-—
TE -pL K, 2: RKe Qe Ge (2-16)

o

Rn-G = §-LE +LE = LE(p+l)

i g

- Rn-G -
E = LB+ (2-17)

The above equation means that evaporation can be estimated provided

net radiation, ground heat flux, and the Bowen ratio are known. The

*

latter, obtained from measurements of vapour pressure and temperature
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N o - ‘ R . u ¢ . !

- . 1%

' at two heights above the ground, when uéed in equation 2-17 gives valid

v

results for periods as short as 30 minutes. However, it is essentially

an experimental method since fast response instruments are required.

)

(b) Penman approacl;:v To overcome the difficulty of surface

measurements, Penman (1948) combined the aerodynamic equation and
the energx_l')udget equation. He assumed that evaporation is propor-
a2 v,

.tional to \’rppour difference between surface and air, while sensible heat

transfer is proportional to temperature difference between surface and

A

}ir. That is

N ° ‘ (2"18)

E = f(u)‘ (eg - €3)

H=¥f(u) (To-T,) _ (2-19)

.

wheré f(u) is the wind profile equation which-Penman assumed' to be
’ ”

I -

- the same for heat and ;water vapour, ¥ = psychrometric constant =

) 0. 66 mb/OC. ‘T, is the temperature of surface, e, is the saturation

and e, .is the vapour preaauré of air. Substituting equation 2-18 and

" equation 2-19 into equation 2-15 gives

- x=. A"
o -

Rn-G-E= y f(u) (T, - Ta) Vet (2-20)
- L,’i L. u / - M .
The slope' of saturation y}i)our pressur¢ curve is

- '\e\N e,-€e - N ’
’ ?4 — ToTa e (2-21)

N s
> -

where eg is the saturation vapour pressure og; water at temperature T,.

/

5 -
i

' Equation 2-21 can be substituted into equation 2-20 to give

° 4

vapour pressure of water at temperature T,, T, is the air temperature,




“ . Rn-G-E =§ f(u) (e - e )
(Rn-G) % - E % = f(u) (e, - e, -e +e)
= fu) (e, - e,) - fu) (e, - o)
. | k- f(u) (e, - e,) ‘

o 8
s

' E R (Rn-G) +-§"\T £(u) (eg -e,) - (2-22)
) . ¢

L

So potential evaporation can be estimated, provided the above quantities

can be determined.j

In the derivati(;n of the ‘ene.rgy budget formula, there is made only
one assumption, n;mely that H and LE are proportional to f(u). What-
ever errorz/this assump‘tion may introduce, the errors in EP would be
sméll in the

humid tropics as the second term in the equation only con-

tributesl0 - 20 percent to EP. ) :
w

v
v’

The Penman equation, based on sound physical principles, has'been

- tested and used with success in many parts of the world. It works
- O
best when the aerodynamic term is small, as in Guyana. With the

availability of a net radiometer, this method is used to obtain control

data against which other EP methods are compared in the present study.

(e) Semi-Empirical Penmin Formula: Since radiation is not
measured routinely in man; ;ala.ces, par{icularly( in tropical areas, - - - - -
- P{"enman's energy -budget method is in some respects rés_erved. for field
experiments. To rerr;edy this deficiency, Penman incorporated ordinary
climatological daota. to estimate Rn for use_in his equation, as follows:
Aesuminé that all net radiation at the surface is used to obtain maxi-

.

. ‘ mum, evapotra;xspir:;ntion, then G can be neglected,' and t}xerefore:
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~od

E = :;}{ Rn + B%'i f(u) (e, - e.) ' (2-23)

The net radiation, Rn, is composed of net shortwave radiation and

-

net long wave radiation, Rnl, where the latter is generally negative.

‘ Therefore

“ Rn = (Q¥q)} (1 - a) - Rnl _ ' (2-24)

. |

Incoming shortwave radidtion is a function of the shortwave radiation
\ . o

reaching the top of the atmosphere, Q,, and the cloud cover, n, above

the statiqn: , ) .
(Qtq)d = Q (a + b x) ~(2-25)

and the constants are obtained by regression a:nal.ysis between (Qiq)]
. . 1 .
/Qo and n/N . The net longwave radiation under clear sky con-

E ‘ ~
ditions, Rnl, is the difference between the upward and downward com~-
ponents; that ‘is .
Rol' = R,y - R, . (2-26)
According to Brunt (1932, 1944) and Gray et al (1971)
Ric N
* = £ (emissivity) = a_ +b e B S
o RM cfemiemincageb T
where e, is the mean vapour pressuse of the air at 2m, and a, and
‘ b, are regression constants. Therefore
\ . )
- ’ Rnl’ = R), (€ -1)
=0.96 o T2 (€ -1)
; . A .
. = 0.96 o'ra‘* (0.56 - 0.09 &5 ) ‘
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4" {s the black body radiation from the surface.

: . - since Ry, =0,96 oT,
The daily mean surface temperature is approximated by the daily

mean air temperature at 2 m, and the infrared emissivity of grass

is approximated by 0. . \'{hc empirﬁc\al constants 0.56 and 0.09 are
taken from Penman (195 1949\)\&;@)1 ough they must be different in,
Guyana, no modifica‘tiopi\go)‘mm’e eince the downward and upward
components of long\\;ave radiation are not Known with auﬂ:‘icient accuracy.

Penman showed that

REL = (ay + b g) (2-28)
.: ’ r ]
Rnl = 0.96 6T, ? (0.56 = 0.09J6) (a, + b F) (2-29)

a 1 °

For the wind function many wind profile. equations have 'been proposed
- / 1

but Davies and McCaughey (19-68)u suggested
' 2

v . k ! . ,
.5 B f(u) =1.2u [;—;—;—-z-;—-]
* Z ’ (2-30)

~

0

which they found to be accurate for hourly periods if needed. Sub-“*“

-

; ’
stituting equation (2-29) into equation 2-24, and the result together with

e e —~equa;ti6n*2=30*into* equation 2-23 gives )

-

E =%[(1-Q)Q°(a+bq§.) - 0.960Ta4 (0.56 - 0.09JE,) (a +b,_-§—)]f,

2 ,
k

+ l. 2 -e) .

+ [ “( In 2% ) ©s e’t] (2-31)
o

a

- i
14,"( o
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' 7
This equation is not as precise as the unmodified equation, but it is
!

certainly better than any evaporation pan or empirical formula. It,
could’ well be adopted for routine use in Guyana: as only climatological

data are required.
, .
. -

~

2.6 Potential Evapotranspiration of Forests

»

Potential evapotranspiration takes place over‘short, uniform and
extended vegétation paving an unlimited water suéply.” For 'water bal-
ance and agricultural needs in Guyana, the EP of crops, tall rainforests,
and savannah grasses will be required.

An extex;ded and uniform forest should transpire at the same rate
as the above végetation for EP conditions, since both receive equal
radiation. In spite ‘of the large volume of forest ﬁe!r unit area the
upper leaves,’ aver;\ging 8-10°c abové air te&ature, transpire at
a higher rate than the unexp‘ose;l lower leaves that average 2.54».? C
below air temperature (Munn,‘ 1966). Work done in Equatorial Afri.ca
indicates that "Direct measurements. of water use from 10 feet depth
of soil showed equal cclnsurnption by 120 ft high, twenty-six year old -
Radiata- 15'§ne; 50 feet high, sixteen year old Montqrey cypress; 30
feet high, ten year @d 'shamba’ planted Patual pine, and from undis-
t'u:bed indigenous thicket'" (Pere:ira quoted 1;1 Pent;mn, 1963). The °
heigl;t and age of forests are unimportant in the EP rate.

There is some scattez:ed experimental evidence to support nearly
éciual da.ily/ EP rate from different plant species. Thornthwaite ((1951)
states that ''the type of vegetation growing on the surface is of sec-

ondary importance in determining the combined evaporation and trans-

piration from a moist soil."” Other published results, contrary to this,
0 ° [ \

it
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may be due to unequal spacing between different crops, unequal length

of growing seasons, etc. d e
! ' |

. Leaves of different species have different chemical Eo"n;positions

o

'+

and therefore absorb different. wavelength{s” of solar radiation. Never-

theless, less than 5 percentr:} of net radiation (or an average close to

I percent of (Q+q)d ) is used for photos\ynthesis and respiration (Lemon
quoted in Hiilel, 1971). Differences in plant growth make no difference

to the EP rate as the required energy is“ very small. -

. The méaéured albedo in Guyana is: 0.28 over short grass at
Botanic Gardens, 0.26 over short grass at Ebini, and 0.26 over dry
bunch grasé in the savannahs during the dry season. Ho\;vever, the
wisually darker forests may have lower éffective albedo since multiple
‘scattering below the forest canopy may re'sult in greater a:bsori)tiqn of
i;lcoming rla.diati.on. - Sellers (1‘367) gives all‘aedo of 10-20 percent for

S

deciduous forest in mid-latitudes.

»
!

The evapotranspiration/transpiration ratio depends on the leaf area
N

o

index. However, the tropical forests are usually very dense. A change -

‘in this above ratio may take place during floods or in areas of swamp

\ - .
vegetation. With a strong competition between species to occupy as

much space as possible, transpiration would be the predominant pro-
: Q : D
cess in EP, as only'a small fraction of solar radiation (0.1 percent)

[3 . = [
reaches the ground surface under a tropical rainforest (Glesinger
- ‘ -

_quoted in Munn, 1966). . >

The EP rate does not depend on soil type. Thornthwaite (1955)
notes that for any soil ''when the soil moisture content is near field
capacity the rate of evapotranspiration will approximate the potential

rate." Under the dame con(iitions,. the rqg?: depths of pldhnts -will not

>
¢

R
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. . affect the EP rate (Kramer, 1949). The effect of soil types, root

depths, and plant-soil-water relations on actual evapotranspiration will
L be distsaed laléer.
_ - . The wind function f(u) over crops or forests is an uncertaiin term
, in Penman’s quation. Although, Davies and McCaughie\(l?68) found
equation 2-30 to be satisfactory over shqrt grass, it cannot be .u'sed
. over forests as z = antilog (-1.385 +1. 417 log h) becomes extremely
large whénr{x is over 50 feet. To datc\s‘ no satisfacgory wind profile
o equation has been found. .
— In°summary, the following charact'ez:igtics of forests shoulld be
taken into account: albedo and wind function. It will be shown later
than Rn is a function of (QQiq)| with the albedo having li”ttle effect on
the regression com;ﬂnts (Davies, 1967). To eliminate the uncertainty
-

of the {aerodynainic term in EP, the equilibrium model is proposed.

2.7 Equilibrium Model

In the gxx‘a...turai evaporation process illustrated in Fig. ri, consider
the heat exchange when unsaturated air at (Tl' .el) is raised to a
different state .(Tz, e,) by the additi?n.gf radiative energy. Slatyer
. and Mclllroy, and Mont.ieth (quoted b;v ‘Willson, 1971) have shown that
- ‘ the chang; of state can be approximated by"thzjee different processes:
(1) the air first reaches saturation by the addition of wyate_r‘ vapour
from the surface where the latent heat flow from the air to sirface
is LE, = pch/ra where 'p is the-air*dénsity, cp is the specific heat }
of air at constant pressure, D is the wet bulb depression of iziitial

a'ir, and ¥, is the time requi‘red for one ynit volume of air to ex-
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Fig. 2-1 Natural Evaporation Process (Wilson, 1971)

9

, K
P change heat with unit area of surface but /is referred to as the 'dynamic

2

resistance to the diffusion of water vapour from syrface to air; (2)

o the _addition of radiation to the saturated pa.rcei and is given by LE 2=
’ : : o
-;W- (Rn - G); and (;) the extraction of latent energy from the

-

saturated air until (Tz. ez) is reached and is given by - LE3 = Pcho/

@

oL

. Tge Therefore the tatal heat flux is

PCR (D - Do)

- , LE = —— (Rn - G) + . ' ‘
- . 8 B

. R a L. (2-32) -

" . 8

iy ) When the wet bulb depi-essions of the -overlying air and the surface '

are equ;.l, eguation 2-32 reduces 'to the equilibrium model or equilib-

rium evapotranspiration, EQ. Hence

IN .\ ¥ w ’ R -
', ™ — 8 ! B .1
: EQ ‘-;‘ﬁ— (Rn - (;_) ] :: (2 33)

Rouse 'a.nd Wilson (1972) havge drawn attention to t}ie fact that the

equilibrium model can be applied when the soil is not very wet or very -

mye T o B T e .o oy
SR et 0 i ol !

e
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dfy and "appears to be more reliable for a vegetated surface." It
should work well over a forest where most transpiration takes place

at the upper branches that are not very wet or very dry, but works

'best in an advection free environment as in the humid tropics.

s

Priestley and Taylor (1972) showed that EP is proportional to EQ
given by

EP =a EQ =1.26 EQ (2-34)

where @ has an overall mean of 1.26. Recently Davies and Allen (1973)

o
”

treated a' as a variable, depending on soil moisture content where

]
o' =a [l-exp(—b- ssm/ssmf)] where ssm/ssmf is the soil moisture

o

content over moisture of field capacity. Although this relationship .

7

needs further testing, it destroys the simplicity of equation 2-34.

r Penman’s energy budget method (equation 2-22) is, in fact, composed

of a radiation term, Erad, and an aerodynamic term, Eady, expressed

e .

a

as

EP s Erad + Eady ‘ (2-35)

L]

while the equilibrium model only consists of a radiation term, Erad.

Therefore _

.g% (2-36)

Erad + Eady
: Erad

' EP /
. EP-Eady -

) _
- Ty S (2-37)

<]
]

i

P

Q cohaequently depe;ds on the contribution of the aerodynamic term




' l',,to the total EP,\for when Eady = 0 then ‘a = 1.0 and when Eady = 0.5 EP

“

, » _ then g = 2.0, e use of g =1.26 is only justiﬁﬁd when Eady =

Eady =0.13 EP to 0. 28 ER. The use of a =1.26 could very well

\\
overestimate EP in a humid \c\limate and underestimate EP in a dry

AN

RN climate, .

: For time periods such as one day, when G - 0, equation 2-34 is
. attractive as it only requires temperature and net radiation. It also
o i

s e . .
eliminates any reason to calculate the aerodynamic term and can,

therefore, be used over any surface of any aerodynamic roughness.

2.8 Methods used in Guyana

Many factors influence the choice of EP methods used in Guyana.
The country lies in the humid tropics while most evapotranspiration
research has been done in mid-latitudes; there are limited climatological
re;earch facilities in Guyana.gn“aking it irlnpossible to implement a
very reliable method; the present requirement is for 5-day totals of
, EP over large areas for agricultu;al and hydrological uses, while some
methods are only applicable .at a single site.
of pPrimary importance is the selection of a control méthod from
the following techniques: lysir‘neter. water balance, eddy correlation,
Y . and energy balahce. While the lysimeter and eddy correlation methods
are out of question, the water balance is difficult over long periods,
and"the necessary inaéruments are unavailable. However, the loan
of 2 solarimeters, 1 net radiometer, and 3 actinographs from McGill
University enabled the implementation of the energy balance scheme

.

‘ at 3 stations-over a six month period.
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. The disadvantages of atmometers, empirical formulae, and aero-
dynamic formulae are already desfribed, and these methods are ig-

nored in the present study. Since pan evaporation is measured on a

: routine basis at many places by the Guyana Hydrom‘eteorological

Service it is useful to include these measurements. Evapotra.nspirlo-

meters, being inexpensive, were constructed at each station and are

exp;ted to give measurements of EP: Semi-empirical expres;sions

for incoming shokw/ave radiation and net longwave radiation can now

be derived in Guyana from the measurement of these quantities over
. 15 day periodé; therefore, the semi-empirical Penman equation can 1

be devel‘Oped in Guyana. Considerable attention is also given to the

equilibrium model.
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CHAPTER THREE .

THE CLIMATE OF GUYANA

The vast proportion of Guyanese live on the coastland, along the
Atlantic Coast, for which a water balance study would be of much
economic and agricultural importance. Such a study must include the
whole land mass of Guyana as the low coastland is exposed to river,
surface, and underground water flow from the interior. Therefore,
evapotransgpiration should be determined from the low coastland and
the interior hills and mountains, i.e., for each climatic region.

Th;: preceeding chapter concluded with a description of a few evapo-
{ranspiration methods that can presently be used in Guyana: However,
before these methods are applied, or the data analysed, a general
review of Guyana’s climate is presented in this chapter, for the fol-
lowing reasons: (a) Potential evapotranspiration occurs when soil and
plant influences are treated as constants a.n? therefore reflects mete-
orological factors. An analysis of climatological cqntrols on EP i:,—un;
avoidable in this study. (b) It was mentioned. that some evapotrans-
piration methods work best in specific ¢limatic regions (for example
the evapotranspirometer is unreliable in a.rdry'climate). A ‘climato-

logical analysis will expose limitations of the chosen methods. Garnier

(1968) mentions that shortwave radiation income, and therefore EP, is

" influenced by topography; there are many topographical variations in

Guyana. (c) From each climatological region a suitable site must be

selected for field work on evapotranspiration.
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78% 0?'w 4% "
18%N a .
t .

A

Y

458
(a) Position of Guyana, showing :
Guiana Highlands (shaded area) (b) Physical landscapes

R cultivated
e 5
\ white sand & rl f!ouu
f Flan gl tre
’ u'.lon dry evergreen
. Rupununil wjtorest
: i]8avanash mountain raia

shios savannah

T X
¥ "

(c) Natural regions (d) Vegetation

. - ¥

1

Bxk A
A LT
¥
LI
-
Yo
3
e
P
.l
4 i
P
£



(a)

Koéppen (Trewartha, 1943) (b)
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3.1 Geo&ra‘phy of Guyana ‘

iy

Guyana lies in the northern part of South America, between latitudes

-

o 1°N - 9°N and between 56.5°W - 61.5°W as shown in fig\ure 3-la. The
S ’ total area is 89,000 square miles. } \
e v L N

Figures 3-lb, 3-1¢, and 3-ld show the three main geographical

<

regions: (a) the coa.sta'l‘plain characterised by silty clay soil arid high

L
»

population dewity; the land is a few feet below high tide and is, prc;-v
Qecteci by an earth dam. With high annual rainfall of 80-100 inches,
drainage i's quite a problem. The vegetation originally comprised
mangrove swamps and bushes but the region now forms the principal
agricultural regioh 'of Guyana with suga:r plantations, rice fields, etc.
o T (b) the hilly and mounta:‘u.?ous region characterised by tropical rain

. . and evergreen forests, sandy or rocky soils which are agriculturaily

o ;Soor, mouontain ranées varying ~b3ween 600{-7000', and a low popula- Y
tion density éonsisting' of a few small river settlements and 2 miniing
‘towns. (c) The,RGupummi Sz;.va.nna.hs with tall grasses and scattered

[

‘ trees, gravel and sandy soil, and a few small Amerindian settlements.

-~ - -

3.2 Climatic Classification -

I Kappen's and Thoxrnthwaite 's systems df climatic clas§ifiCation are
0 fxse{d here as 'they'are based on quantitative analysis. Ktppen's system,
" based on annual and monthly means of temperature 1,?‘nd rag.t;fall, “recogf

nises two climatic regions in Guyana - figuré 3-2a C wl;icix a;'e ‘sym-

bolically designated as: (l) Ami-tropical rainy climate, and (2) bAvv{i-
Fropical .savannah climat;a. Some geographers have crit?cised Koppen's
classification which often ''leads -to pronounced discrepancies bétween

’

. clirna..tic subdivisions and the features of the cultural and natural land-

k]
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scape?'.' (Trewartha, 1943). This criticism is true for the coastal and
forest landscapes. |
Thornthwaite’s classification identifies three climatic regions
designated as: (1) AA’r - wet tropical, (2) BA’r - humid tropical, °
and (3) CA'w - subhumid tropical savannah (Figure 3-2b). This
cla.asifica;tion quite rightly recognises wet tropical climate over large
tropical estuaries, tropical peninsulae, and tropical isthmuses. B.ut
this system includes mountainous rainforests in the #upununi savannahs.
. Both systems have their merits in world climatic ciassiﬁcation
but should be modified for climatic subdivisions, .using human judgement
when data are lacking. Accordingly, the coastéi'climate as emphasised
by Thornthwaite is ma‘mt;ined here while the mountainous rainforests
are fxcluded from ‘thé savannah region using the savannah - forest
boundary to guide the exact delimitation. The resulting climatic regions
are shown in figure 3-2c and for convenience designated as: (a) coastal
climate, (b) forest climate, and (c) savannah climate. e
Sukanto (quoted by Arakaw;, 1969), however, believes that in equa-

torial rainfall areas ''the climate type will depend on the number of

wet> and dry months."
i

2

o

3.3 .. The Coastal Climate .

A Y

Botanic Gardens: The climatological station in the Botanic Gardens

b 13

Is situated in Georgetown, the capital of Guyana. Being the best in-
strumented station with the longest record, and lying only 2 miles from

the Atlantic, it is cértainly an ideal station for analysing the coastal

climate and for eyvapotranspiration experiments.

Rainfall: Rainfall is the most important climatological parameter



Annual rainfall, annua) mean sea lew;el/ pressure,
annual total bright syashine, and annual mean , :
temperature at the Botanic Gardens (1951-1972). ’
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" ’ , in tropical climates, and it influences the actual rate of evapotrans -
3‘1‘\“ piration. Along the coastland average annual rainfall varies from 80
inches along the Berbice Coast to 100 inches on the Essequibo Coast.
At Botanic Gardens} tuhe -average long term r;infall is 100 inches but
varies between 147-57 inches. ‘

¢ )
Based on 100 years of rainfall data, Potter (1970) noticed complete

.

45 year cycles of annual rainfall. Fiéure 3-3a, covering a half cycle
1951-1971, definitely ind,icates short cycles of 4 years superimposed on
the longer cycle. These year-to-year variations of precipitation cause
droughts in some years and floods in others. By coincidence, 1972 with
%107 inches of ra.inf;ll should portray the averaée rainfall conditions al- f‘\
though there were some floods. It is ‘important that an ev;potrans-
1 piration formula‘ should be developed under average conditions.
The coastland experiences two wet seasons and two dry seasons,
figure 3-4a, which are assc;ciat'ed with the nortﬂ-south mov;aments of .
the Intertropical Convergence Zone (ITCZ). 6ctober. the dx:iest month,

has an average of 3.5 ‘inches of rainfall so that half the plant water
requirements should be satisfied but, nunfortunately, month’ly rainfall is
quite - v-a.riable. ‘ -

In 1972 the first wet season began abruptly o;x April 18. and ended
early but slowly as shown in figure 3-4a. The second dry s€ason was
extremely dry. The second wet season began abruptly on October 27,
one month ahead of average time; its short duratiqn produced extremely
low rainfall from December 1972 to April 1973, re?ulting in a serious
droug}it. The evapotranSpuiration experiment, July 1972 to February 19713”,

was therefore conducted under conditions drier than average.

‘ ' - Daily wet season rainfall indicates héavy rainfall every 5-6 days

f
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Betw disturbances rainfall is lows Similarly, all other climatological -

. b~
parameters, even EP, show 5 to 6 day periodicities.
)

Bright Sunshine;: Bright sunshine is a rough indicator of cloud -

cover and solar radiation; it is an importa‘nt quantity in the semi-

empirical evapotrans‘f)iratitl)rx formula. 19721: with 2375 hours of bright
sunshjne, had slightly below average annuall incoming radiation as s;en

ih figure 3-3c. In figure 3-4?:.— the total monthly bright sunshine is

plotted for two wet and two dry years. 1972“\;\13.5 ratier peculiar, as

bright sunshine in the "earlie‘r half was similar to that in wet years,

but simil::.r( to dry years in the late¥ part when the evapbtranapiration

experiment was carried out. Daily bright sunshine varies from 0-10

hours per day in the wet season resulting in large variations of EP,

.but) less variations of sunshine (or EP) take place in the dry months.
3 = : .

.

Atmospheric‘ Pressure: Atmospheric pressure has little effects
on EP although 1t is highly related to the weather. Kohler (1955} u’;ed
pressure as a measour;a :rf height for correcting pan evap‘ox.'ation.

" The meéan annual sea-level puressixre is 1013.2 mb. with a tendency
for low annual pressure in wet years and high annual pressure in dry
years - figure 3 4b. “There is one cycle of annual pressure with high.
rnonthly m%n values in the January-March period, when the Azore high
x;oves near tothe equaﬂtorh from its mean position, and lowest- pressure
in Novembet when the ITCZ is just north of Guyana. Low monthly

pressure rather occurs just before the onset of the wet seasons. On

the other hand, low daily pressure occurs on wet days.

!-
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Monthly mean wind éuﬁ. relative humidity, tem’perah;rc.
and vapour pressure at the Botanic Gardens. The 1972
data aredenoted by dotted lines.

(a) Monthly mean wind run .
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\". . » Wind Run: Wind runtoa larée extent-detern“linés the contribution
of the a’erodyna.mic term in Penman's‘ equatioon. B::tﬂ due to scattereﬂd’
> ' trees at the Botanic Gardens, the measured vi‘ind\ run may not be a
\ t representative. Monthly mean wind i'un. infigu‘re:.}—s'h. has one cycle
| ‘ per annum like the monthly p'resaurew‘; and it uvarfeq betweaen 110 miles

per day in March to 55 miles in July.. The rate 'of removal of water
Y vapour from the surface can be extremely large in the first dry season.
[ 4

The land .and sea breeze phenomena along the coastland are

markedly noticeable. Dca.oily wind run fluctuates considerably in the wet

- season, reaching 100 miles per day on dry'days and decreasing to 20

miles per day on wet days. Daytime wind direction varies from 5-10°E

Y -

of N throughqut the year; or daytime wind always blow from the sea.

~

It is therefore a humid sea breeze and ‘the aerodynamic term produces

n only a small contribution to EP. | ' .

a

e

4
B < o Kl

Temperature: The daily mean dry bulb temperature at 2 metres

is used to find the slope of the saturation vapour pressure curye in

™ ,
Penman’'s equation. Figure 3-5c shows the small seasonal variation

L)

3 in temperature which is typical of a tropical climate reinforced by

U
maritime influences. With the exception of Qctobgr, the tempéerature

4, -

of 1972 was average. The diurnal range of temperature was 10-12 °F,

=

3

much greater than the seasonal rahge. 8a.m, dry bulb temperature

AN FEHE S
+

approximately equals the mean daily temp::rat.ure. on a mbnthly basis,

¢

but daily values depend on ’the 8 a.m,. cloud conditions.

.
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RN

Relative Humidity: The 8 a.m. relative humidity is often treated

FCEE)

.
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as the daily mean value and can be used to estimate the daily mean

-
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vapour pressure at coastal stations. Unlike pressure and wind, two
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cycles of relative humidity are observed in figure 3-5b, indicating
that it is inﬂuenc;c/l by rainfall. In the wet seasons, 8 a.m. relative
humidity above 97 [;ercent are rare indicating the absence of fogs.
The coastland with daytime sea breeze experiences the highest
daytime relative humidity (2 p.m.) in Guyana, being only 10-14 percent
lo“a,ver than 8 a.m. values. The drier atmospheric conditions during

1 -
the June-August period of 1972 was very noticeable.

power of the air, but the vapour pressure deficit does. The saturation
vapour pressure (eg), entirely a function of temper:ture, is about 32-
40 mb. at 8 a.m. and approximately 4-5 mb. higher at 2 p. m;: see
figure 3-5d. . n ‘

The actual vapour pressure (el)s unlilfe relariive humidity, exhibits
one annual cycle with lowest values in January to@\pril. "It is surprising
that the moisture content in the lower atmosphere is the same in June
and October. There is also littl'ea,diurnal variations of vapour pressure’
as the moisture content does not vary with temperature. Nevertheless,
by 2 p. m. m(‘nthly mean vapour pressuré increases by 0.3 mli.' in the
first dry season, due to high actual evapotz‘-a.nspiratioh. and decreases
by 0.5 mb. in the second dry season due to low actual evapotrar‘xapiration.n

The vapour pressure deficit is the dﬁ{érence of e, and e, as

shown in figure 3-5d which is self-explanatory.

3.4 The Forest Climate

The forest climate, shown in figure 3-2c, stretches over the greater
part of Guyana; numerous rivers that originate in the mountains tra-

verse the forest region.
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i Fig. 3-6 Monthly mean rainfall, bnght sunshine, wind runm,
Pho temperature, and relative humidity at Ebini.
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Ebini: Ebini, 60 miles from the Atlantic Ocean, was chosen for
evapotranspiration experiment's in the forest climate. The station,
also a dairy and »agriculturai research station, is spacious and well
equipped. There is a pit gauge and in July 1972 two evapotranspiro-
meters and an actinograph were installed. The grass at the site is,
however, affected !;y disease causing partial drying of the leaves and

this may affect evapotranspiration.

Rainfall: The annual mean rainfall is 86 inches, fourteen inches
less than Botanic Gardens, and shows the same 45-year and 4-year
periodicities. With less rainfall, floods pose less problems at Ebini.

There are two wet seasons and two dry seasons, but the second
wet season receives less rainfall than the Botanic Gardens. The close
similarity in monthly and daily rainfall suggests that rainfall is due to
synoptic scale disturbances. Each disturbance deposits heavy rainfall
(-> 1.0 inch) for one or two days and low rainfall (1-0.2 inch) for
several days at Botanic Galidens; but Ebini receives moderate rainfall
for several days while heavy rainfall is rare. While Ebini has about
4 days per annum with rainfall above 2.0 inches, Botanic Gardens has
about 9 days and this accounts for its higher annual rainfall of 14.0
inches. In some dry years, when heavy rainfall above 2.0 inches are
absent, Ebini may receive more annual rainfall as in 1957 to 1963 (see
figure 3-3a). Figure 3-6a shows that the latter part of 1972 was

drier than average.

Bright Sunshine: There are less hours of bright sunshine at
Ebini than at the Botanic Gardens, especially in the early part of the
year as shown in figure 3-6b. Why more cloud cover but less rain-

’

’
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fall at Ebini? Daytime heating over the forest region causes the de-
velopment of a local thermal low pressure area, favouring low cumulus
clouds. Perhaps less radiation reaches the surface at Ebini so causing,

perhaps, a lower EP.

Wind Run: Wind run is 7 miles per day less at Ebini than at the
Botanic Gardens and is partially due to the absence of winds ‘at nigf_nt.

which is a necessary condition for fog formation.

Temperature: Annual mean minimum tet;lperature is 71.0 °F or
5.0 °F lower than at Botanic Gardens. In spite of the small monthly
changes, large day-to-day variations take place depending on the night-
time clgud cover. However, the minimum temperature and the night-
time climate seem to have little relationshjp with the daytime climate.
February has the lowest monthly mean minimum temperature, some-
times dropping to 66 °F on cloudless nights. The low nigh®ly temper-
atures, with the resulting fogs, signify a net longwave radiation balance
and this has been confirmed by measurements.

An annual mean maximum temperature of 89 °F gives rise to the
already mentioned daytime thermal low, causing increased convection
and much low clouds. January has lowest mean maximum temperature
of 85 OF, while October records 93.5 OF. Air temperature at Z.
metres rarely rises above 100.0 °F. The diurnal range of temperature
is 16-20 °F, compared —to 10-12 °F at Botanic Gardens, and indicates
little maritime influence. In 1972, maximum tem}erature was 2 °F
above average in the second dry season. Figure 3-6d shows that the
8 a.m. temi)erature. being near to ti:e minimum temperature, cannot

be used as the daily mean temperature.
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Relative Humi;lity: Mean 8 a.m. relative humidity is usually above
90 percent, as shown in lﬁgJure 3-6e; morning fogs are regular phe-
nomena in boﬁ’x wet and dry seasons. Night-time cooling produces low
temperature, a high pressure cell, little wind, no maritime heating,
and a peculiar night-time climate over the forest region. Consequently,
the aerodynamic sink strength for water vapour must be negligible at
nights.

From a near saturation point at 8 a.m., relative humidity drops
to 65 percent by 2 p.m., a direct result of high daytime temperature
and a reduced maritime effect. The diurnal range of more than 27
percent far exceeds the seasonal range. In 1972, extremely dry air

prevailed from September to October.
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Fig. 3-7 Maonthly Mean Vapour Pressure at Ebini in 1972.

Vapour Pressure: Figure 3-7 shows the saturation vapour pres-
sure at 8 a.m. and 2 p. m., ¢s88 and es2, and the actual vapbur pres-
sure, ea8 and ea2, in 1972,

:I‘he vapo:lr pressure deficit at 8 a.m. varies from 2 to 7 millibars.

The‘ very high saturation vapour pressure at 2 p.m. is naturally a re- o

sult of high temperature; however, the actual vgpour pressure only
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7 ' \ drppa slightly from its 8 &. m. valuen. Consequently, the vapour pres-

\ * Sure deficit is 8-25 millibara ‘at Z p-m. With an average daytime .
I value of about 5-15 mb. the aerodynamic term should be the same as

b at ‘Botanic Gardens. . ) ( x o

; T Kamarang: The forest climate stretches over a wide range of ’

. “topography. Therefore the climate -of’ Kamarang will be examined to
! o
show the aimxlanty in climate at two vastly different places. both

thh.hn the foreat region.

‘Kamarang : ’ Lo Ebini | -
1. 190 miles“from #tlantic ' . ] 60 miles from Atlantic
. 2. Forests ’ Forests and savahnahs
; ; 3. Mountainous landscape Hilly land;capen o .
\ : , 4. Itocky soil’ ‘ Sgndy soil . ‘
| Lo . 5 1,200 teet above sea level 100 feet above sea level o

- The climatological.station at Kamarang lies on the.upper Mazaruni
*

River valley within the Pakaraima Mouritains. Forest covered Lr“nouhtains
. rise on both sides of Kamarang while Mt. Roraima, 9094 feet, lies 50 ~
~ mileé to thé South. Only two years of climatological data are \availa.iale.

. >

L . The northern slope of the Pakaraima mountams tecord the highest

; rainfall in Guyana’ (Potter. 1970) of 140 inches. But in 1969, Kamaranfg
'y < > e
received 83.36 inches. Fig:?r"e 3-8a displays the large monthly vari-

*

ability of rainfall at Botanic Gardens in contrast to the smooth seasonal

~

change at Kamarang and Ebini. The table below shows that Ka.mafang's -

rainfall, like Ebini’s, occurs primarily on moderate rainy days (0.2-1.0

’ -

inch) in contrast to that at Botanic Gardens. Rainfall above 2.0 inches

. = _ ‘
: ‘ is unknown at Kamarang. . .
Lt J
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A , ’ , ' \
W, v '
. Range (ins) .01 .01-.09 --.10-.19 .20-.49 .,50-.99 1.00-1.99 °2.00
Botanic Gard:ns 184 56 34 51 14 22 . 6
a0

¢ 1Kamarang 126 72 - 38 671 42 16

7

A<

Bright Sunshine: In figure 3-6b it is shown that Ebini recgrds less
bright sunshine than Botanic Gardens while figure -3-8b also verifies that
. &
lower sunshine }s common to all stations throughout the forest region.

The very close similarity between Ebini and Kamarang is striking. ’

o

Temperature: Figure 3-8c shows that Kamarang has lower maxi-
mum and minimum temperatures than Ebini, but this is a direct result
%
of Kamarang'’s higher elevation. However.)the seasonal variation and

. ‘s o, . -
diurnal variation (16 "F) are very much greater than at Botanic Gardens.

- | . . .
'/\ In conclusion, rainfall, sunshine or cloud cover, and temperature
characteristics bear much similarity throughout the forest region, in

. spite of topographical variatiéns. It can be assumed that evapotrans-
¢ ~ ~ - :

piration results based on field work at Ebini should be representative
of the whole forest region. ~
3.5 Savannah Climate ’ ’ \

-~ .

@ < The Rupununi Savannah- ha's’ rec{e:lved considerable attention by |
T " the McGill Savannah Research Group-and some notable research, 'in
the form of graduaté theses, have been produced: Waddel (‘01963). 5 -
¢ "Eden (1964), Frost {1966) and ;Atwoki (1966). Frost and Atwoki have ‘
thoroughly investigat.eda the ;avanna;h ciima.te. Although much use is

. ) made of their research in the present study, attention is parffcularl.y

given to the cPimatic differences between the savannah and other cli-
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. matic regions of Guyana as ‘far as the effects on evapotranapiration
are concerned.

N i
f

] o
Geography: The Rupununi Savannahs, lying in the south-east of the

h
cauntry, adjoins the Rio-Branco savannahs of Brazil. The Pakaraima
Mountains lie to the north &hile f;he forest covered Kanuku mountains
‘ . r-ug»‘e;st-west across the Rur;ununi savannahs. Although 500 feet above
\ ) mean seéa level, natural drainag:a is inadequate because of the very
- \) fine lsa,ndy soil that hgrdens‘tp an impermeable layer after long ex-
‘ pbsuxle botl? to sun and rain; Nurrferous wet season swamps appear in
| the low vanéys. Vegetation consists of tall tough grasses witl: scat-
tered trees in s;)me places and riverine bushes along the creeks and
rivers. The clultural landscal;e is dott‘l with a few Amerindian settle -
ments of 100-200 people. St. Ignatius, 8 miles north of the Kanuku

Mountains, is very representative of the savannah climate (Atwoki, 1968).

Two evapotranspiroemeters ;nd an actinograph were installed in July 1972.
‘ i
Rainfall: The Rupununi Sa\;annahs comprise the driest region of
Guyana, and St. Ignatius has a long term averaéé' of 62.7 inches pér o
yyear. Unlike other regions, thére is only one wet season, Aprila-‘
August, that records nlearly 75 pergen’t of the annual precipitation.. EP
. conditions are only satisfied for 5 months in the year. /
'I‘h'e rest of the year is one long dry setason,“ or drought, lastingV
7-8 months as the second wet, season, that occurs in.o@hér parts of
.Guyana, is totally absent a&s ‘s;en in figure 3-9a. From November-
May, the average monthly precii:itation is ‘1.0 inches. It is obvious .

that forests cannot survive the long dry season as the minimum plant-

. water requirements cannot be satisfied. '

£
’
PO
a
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Fig. 3-9 Monthly rainfall, bright sunshine, temperature,
relative humidity, amd wind run at St. Ignatius.
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Although most precipitation is received ‘from largé cumulonirhbus
clouds that seem to originate from the Kanuku Mountains (Aiiv\oki. 1968),
the development of these clouds are associated with synoptic scale
disturbances oi' the ITCZ as it usually rains at St. Ignatius about 12
hours after raining at Ebini. Wet season rainfall occurs at pre-morning
hours,. but dry season rainfall at late afternoon hours. In 1972, ltwelve
majdr storms accountef:l for about“ 50 percent of annual rainfall. Fi{gure
3-9a shows.the very low }'ainfall throughout 1972, especially in J{Jne
when a céuple of intense diqturbanceé missed the statiorn. o
There is much controve‘rsy about the absence of the second wet
season, which prevent's the survival of forests. Frost (1966) attributes
this to the rainshadow effgcts of the Pakaraima Mountai;ns while Atwoki
(1968) believes ‘that the Venezuela High pressure system produces stable
and subsident atmosphere in December. Howev;’.r, an i;xspection" of
phot;)graphs from ESSA 1970 reveal large cloud clusters, entering the
Rupununi Savannahs every 4-5 days during the first wet "'season, pro-
ducing heavy rainfall over the Savannah , and every 8-!0 days during
the second wet season producing no ra,infa.u over the Savannah . The
absénce.of rain during the latter period cannot be explained, and fur-
ther research is recommended at all levels of the atmosphere. The

!

possibility of successful cloud seeding experiments in December, just

* in the middle of the long dry season, is high.

Bright Sunshine: Bright Sunghitne is 150 hours in July ?,nd 270
hours in October, i.e., 20 hours less and 30 hours more than-Botanic
Gardens, respectively. From this it can be deduced' that there are
l;rgt;r ;:loud formations ove'“r."t'he savannahs than over the coastland

during the wet season and less cloud formations during the dry season.
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The decrease in bright sunshine hours during December coincides with

the passage of the above mentioned disturbances that produce no rain-

}‘ | fall. The large seasonal variation of sunshine hours should cause a
large seasonal variation of EP; but radiation is not the predominant
, > contributor to EP over the savannahs. Bright sunshine in 1972 was

far above average.

Wind Run: St. Ignatius records nearly twice as much daily wind
run as Botanic Gardens or Ebini, bl..lt this is attributed to the absence
of obstructions far around the site and the wind acceleration between
the Pakaraima and Kanuku mountains. The daily mea;z valué is 140
miles per day but' reaches 210 miles per day at the end of the dry
season. Wind direction is east-north;;east,l somewhat parallel to the
'\Q, ' alignment of the Kan.uk'u Mountains. The strong dry winds over the

savannahs have tremendous effects on EP during the dry season.

7

R - N ’ 1
Temperature: A mean minimum temperature of 73. 8°F at St.

Ignatius is 1. 2°F lower than Botanic Gardens but 2.3°F higher tha

L 4
[ o 1

Ebini. The forest region is definitely the coldest part of Guyana at
nights, and the nighttime high pressure is centered over the forest
region but do-es not extend over the savannahs..

With an average maximum temperature of 90.0°F, the Rupununi
is ;kTe hottest region of Guyana. The dry season is especially hot; J
particularly October when"teﬁ\pera.ture -very often reaches 97°F but
never exceeded 100°F. Absence of forest vegetation, distance from
the sea, and low dry season rainfall account for such high temperatures.
Seasonal va.‘riation is éoF. but the diurnal variation of 14-18°F is/ lqrgér.

. ' Tempe}ature at 8.a.m. does not represent the daily mean value. |




Relative Humidity: The savannahs naturally form the drleltl area
! N . A

in Guyana, with mean annual 8 a.m. relative humidity of 79 percent -

.figure 3-9d. Fogs occur only in some mornings during the wet season.

"From 8 a.m. to 2 p.m., relative humidity decreases by 17-26 percent,

or nearly twice the diurnal rar'xge at Botanic Gardens. An increase in

humidity is observed in December, in spite of the absence of rainfall.

Vapour Pressure: Saturation vapour pressure at 8 a.m. varies
between 3l to 37 millibars while the actual vapour pressure is 25-27
mb. Vapour pressure deficit is 6-10 mb. at 8 a. m.' Because of
high dayti>me temperature at 2 p. m. saturptiox{ vapour preagure_is then
40-50 mb but actual vapour pressure is 25-24 mb, slightly less than
8 a. m. values; a large vapour pressure deficit of 15-25 mb ia' pro-
duced. Daily mean ;i_eficit. being about 11-18 mb, is somewhat greater ‘

than in other parts of the country. -

3.6 Conclusions y . i .

f

Maritime climatic influences are strong at the Botanic Gardens,

with sea breeze by day and calm land breeze at night. Diurnal tem-
- . ¥
perature variations are not large; humid conditions prevail through-

]
qut the year, but fogs are rare. The aerodynamic contribution to EP

v S

must -remain small. Heavy dahily rainfalls (> 2.0 inches) are frequent,

R

rt-g‘sulting in disastrous floods. With rainfall occuring in the’ pre-8 a. m.
h;h,rs, clear sky conditions develop and much incoming radiation reaches
the surface. EP should be high regardless of the humid conditions.

A maritime influence is not noticed aé Ebini which expefi:ncei
a peculiar nighttime climate of low temperature, with regular pre-

morning fogs, as a result of a thermal high‘preuure cell. By noon,
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high temperature and low relative humidity increase the ﬁerodynamie;
term; but the average daily contribution is just the same as at Botanic
Gardens. A daytime land low, with the resulting convective clouds,
reduces 'incoming radiation and thul; energy for evapotranspiration.
In spité of geographical diii’fex‘ences, the climate at Kamarang shows
marked similarity to that qar;l:‘.lilbini. and an evapotranspiratién experi-
ment at Ebini should be representative of the whole forest reéion.
Evapotranspiration ineasurements; inaugurated following the termin-
ation of the wet season at St. Jgnatius, encountered very dry condition;.
Winds of 100-200 ;hiles per day, in conjunction with large vapour pres-
surt; deficit, should cause extremely high acrddynamic contribution to EP.
' The period July 1972-Fébruary 1973, whe;x the evapo(transpiration

measurements were taken, is found to have been drier than average,

but it is sufficiently long for a representative evapotranspiration study.
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CHAPTER FOUR -

-

METHODS OF MEASURING AND EVALUATING POTENTIAL
EVAPOTRANSPIRATION IN GUYANA

Having decided on the methods of measuring and evaluating E
and on the most suitable site for each regioh, as described in fhe two
previous chapters, the necessary instruments were installed j July
1972, Two evapotranspirometers were installed at each sitefto pro-
vide measurements of EP, and an actinograph was used to provide
several months of continuous record of incoming shortwav¢ radiation.
Net radiation, incoming shortwave radiation, and reflectefi shortwave
radiation were also measured, using a portable net radipmeter and
two solarimeters. The 15 day data from the latter wer¢ used to cali-
brate the actinographs, to measure surface albedo, and to establish a

linear regression between incoming shortwave radiation and net radiation.

4.1 Instrumentation and Data

c

- Climatological: For the analysis of the climate of Guyana all
available data from each site were used, but the data of 1972 were
found most useful as readings were then taken twice per day, a;: ?a.m.
and 2 p.m. Climatological instruments, instailed and operated l;y
the Hydromefeorological Service, included: 10-inch raingauge at stan-
dard height, mercury barometer, U.S. W.B. class A pan, Pan anemo-

meter, maximum and jninimum thermometers, dry and wet bulb ther-

' mometers, thermohydrograph, grass minimum thermometer, soil ther-

mometers at 4 inches and 12 inches, sunshine recorder, anemometer

i

at 2 metres, and an anemograph at 70 feet. Readings from most of

the above instruments are indispensable for estimating EP.
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'Fig. 4-1 The Evaéotra.nspirometer
{Garnier, 1952)

so

-

Fig. 4-2 The Net Radiometer and Solarimeters’ Stand
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Evapotranspirometer: The evapotranspirometer or drainage lysi-
meter (standard Thornthwaite type) was made from two steel drums
(standard oil drums) and other easily available thaterials. A strip of
about 10 inches of drum A was removed and welded thoroughly to the
other 8rum, B. A 3/4-inch diameter hole was made at the bottom
of drum A and the two drums connected by a 15 feet long galvanised
pipe, as irllustrated in figure 4-1. Both drums were then placed in the
ground, leaving the rims 2 inches above the surface in order to pre-
vent water from the surroundings from dxlaining into the evapotrans-
pirometer during heavy rainfalls. At the bottom of drum A was placed
an aluminum filter directly over the hole, and a layerl of graded stones
4 inches deep. Brown sand filled the rest of the tank to the level of
the ground, and grass was planted at the surface.

Every afternoon at 5 p.m. an amount of water corresponding to
0.5 inch of rainfall was poured over the grass to maintain the soil at
field capacity. Twenty four hours later, the drainage into a collecting
can inside tapnk B was measured and later reused for watering the
eva{:otranspirometer to maintain the fertility of the soil. It was not
practical to measure runoff at 8a.m., as suggested by Garnier kl952),
because rainfall genérally occurred during pré-morning hours. Only
two evapotranspirometers—-were installed at each site, although Garnier
recommended three, because of simple problc;ms that 'é.rose in welding
and constructing the instruments at three different sites over a limited
time. However, the two sets_of EP measurements were quite compar-
able, as special care was taken to use similar soil and grass concentration.

The evapotransiirometera basically require little maintenance but,

unless special care is taken, the measureﬁenta like many other evapo-
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ration measurements may become unrepresentative. Periodic clipping
of the grass was necessary to maintain a height even with the~ sur-
roundings. To reduce the 'oasis effect",. Thornthwaite (1955) recom-
mended watering the surrounding grass to a radius of 40 metres, but
only five feet was practical in Guyana. This was unnecessary at the
Botanic Gardens since watering is done throughout the year, making
it an ideal evapotranspiration site. One month was allowed for the soil
to settle in the tank. - R ‘)

«

Radiation Instruments: A portable Thornthwaite hand-held net
radiometer was used for net radiation. The instrument, consisting of
an upper and lower thermopile, generates a small voltage that deflects
a millivoltmeter calibrated directly'into cal/cmz. min and having maxi-
mum deflection of ¥ 2 cal/cmz,min. No calibration was done except
a periodic adjustment to zero by placing the sensor in a dark room
with radiative equilibrium.

Two Lintronic Dome Solarimeters, one upward and one downward,
were used to measure incoming shortwave and reflected shortwave )
radiation. Calibration was done’ in May 1972 at Shefferville, Quebec,
when the instruments were used simultaneously with 2 Eppley Black
and White Pyranometers. With no ;lectrical recorder available in
Gu).'a’na, readings‘were taken manually over a period of 15 d;.ys using
‘a millivoltmeter (Comark, type 1221, Ser. No. 14104). Readings were
taken every 5 minutes by day and every 15 minutes by night since
there were rapid fluctuations of radiation caused by the convective
nature of tropical clouds. Good comparison was noticed between man-

val readings and actinograph charts as the cumulus clouds usually
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take more than 5 minutes to pass across the sun.. As this observa-
tional programme was an extremely monotonous and continuous 15 day
undertaking, the Hydrometeorological Service provided three asdsistants.
The radiation stand for the three bimstrument:a, shown in figure 4-2,
consisted of '”a.’n aluminum pipe rigidly sunk in the ground and a hori-
zontal pipe attached to it. The net radiometer and solarimeters were
screwed on to wooden supports of the horizontal pip;: and periodically
levelled in the horizontal plane. A dark string tied to the horizontal
pipe prevented swinging of the stand. Before sut;rise. it was neces-
sary to remove moths' eggs from the lower surface and condensation
from the upper surface, for the instruments were not ventilated.
Measurements from the above radiation instruments were taken

at each site for 15 days. At other times during the period July 1972-

February 1973, thrée actinographs measured incoming solar radiation.

Data Obtained: For a representative study of evapotranspiration,
at least six months of data are required, considering that this period
should cover one dry season and one wet season in Guyana. For each

site, data include: .

a) Climatological -1.1.72 to 28.2.73
b) Eva;;otranspirometer . J -1.7.72 to 28.2.73
c) Solar radiation by actinograph ;tl. 7.72 to 28.2.73
’ d) Net radiation and solar radiation -15 days at each site

The complete set of these data was unfortunately difficult to obtain
to the degree of detail wished. The evapotranspirometérs overflowed
on days with heavy r;infall; at Ebini, the new observer intuitively ap-

L

plied excess fertilizer and killed the grass within the evapotranspiro-
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meters. However, the remainder of this thesis is based on these data'.

o
. A

4.2 Methods of Analysis of Climatological Data

4

Rainfall at ground level: Two raingauges, a 5 inch raingauge at
two feet and a pi}: géuﬁe at ground level, were installed at Ebini by
the Hydrometeorological Service. Splashing of droplets o the pit
gauge was prevented by a cubical mesh, one metre square. easure-
ments indicate that the standard ramgaugh‘ﬁéestimatena rainfall by
about 5 per;:ent as shown in figure 4-3. Therefore, reported daily

rainfall, Rs’ must be adjusted accordi.ngly to obtain rainfall at’ the level’

of the evapotranspirometer R, and is given by

Ro = 1.05 Rs - ’ : ‘ (4-1) (

" e . Y

©°

During rainfalls high winds with strong gusts occur while calm winds - -

prevail after the passage of storms. Raixidrops should approach the

riim of the standard raingauge at gome angle to the vertical, thus pre-
s.enting a reduced coilecting area for the descending rainfall. But

with reduced wind and gusts near the surf;ce. rairdrops enter the pit

gauge in a more vertical direction, and this accounts for its‘glzeater
collection. - \ R - )
J If A is the collecting area of each raingauge'and the rainfall is
assumed to reach the pit gauge from a vertical direction, then A cos ¢
is the collecting area of the standard raingauge where ¢ is the angle
from the vertical of the rainfall.. Therefore A/A c604 = 1. 00/0.95

or cos ¢ = 0.95 giving ¢ = 18°. This is the mean maximum angle -
of the descending rainfall and, from the author’s experience, is not

~

unreasonable. It is possible that the Rupununi Savannahs, with twice
. N




b Mg, /%-3 Relationship between rainfall at standard height (R ) Cy
, - and rainfall at ground level (RO) at Ebini. . PP
\ j , ,
I
- g 4- "
14 § W

. 3 N

< 3. P . - R 'ﬂ 1. 05 R
a Ry ¢ o J ) 8
&- ’ /

© ' , én /-. "
/
:‘ 21 ,./ ! "
in /
, /
. 7 ' PR
L] m‘m / -
l, /.’ /"
' 4
iy 0 L R L N L — 4. )
N -0 1 2 3 . 4 . ;5 6
Ro - PIT GAUGE {(cm.)
4 5 ) ' ‘ >

' Fig. 4-4 Saturation vapour presﬁaro vs temperature curve.

o N 3 " coe
. E. ,
K4 Y. ;u [)
&
5B
é U).. ......................
»
-
. ~ Qq.lq """"""""""""" s
vt} ﬁ g..‘r -------- T T o -. :
0 SR
. & R
< Vo
- | > by
‘ ) b A
TgTw T
“TEMPERATURE (°C) ?
2 L} l 2

!




%
l..

as mﬁch daily wind run as Ebini, actually réceives a far higher rainfall

than measured amounts.

Vapour Pressure: The saturation vapour pressure, in the pure
phase over pure wg.tér, is entirely dependent on the temperature of
the water at the surface and is given bysthe Goff-Gratch formula (List,

1968, p. 350). The slope of the saturation vapour pressure vs tem-
L4

-

perature curve, s, is obtained by differentiating the lengthy Goff-Gratch

formula (List, 1968, p. 372). Both formulae are lengthy for accuracy
% , \ '
but-are quite simple to compute.

The psychrometric constant is given by >

L4

y = - =B . (4-2)

Le
where p is atmospheric pre‘ssurg which has an average value of 1013.0

mb. in Guyana 'and only exhibits small daily and seasonal variations;
. i . ’
cp is the specific heat of dry air at constant pressure =0.24 cal/gm,

°K, € = 0.622, and L is the latent heat of evaporation of water at-

+

wet bulb temperature given by , -

Q

L= L0 + (cpv - Cv) (Tw - TO).

where .L -is the latent heat at 0°Cc =597.2 cal/gm; Cov is the specific

)

heat of water vapour at constant pressure = 0.456 cal/gm, °K; and <,

is the specific heat of water =1.007 cal/gm,OK. Therefore
N N

L = 597.2 - 0.551 (T _ - 273.16) _ S {4-3)

To find the actual vapour pressure of the air, given the wet and

dry bulb temperatures, consider figure 4-4 where the line with slope

Ys pa‘srses thro_ugh‘the points (Tw. esw) and (T, esd)f Therefore,

: . . N
its equation is
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®2d " Caw

T-'I‘w

-V.=

or e 2o - y(T-T) | -  (4-4)

where €.d anq °.w Bre the saturation vapour pressure at dew point
and wet bulb temperature, reapectively.A )

Daily mean temperature and vapou;' ;)rcl;ure:' In the energy bal-
ance equation the réquired climatolo‘g‘ic’al data are best approximated
by the mean of 24 hourly observations. But only two otl)a?rvations are
available in Guyaha. Outgoing longwave radiation and the llope: 8, a;'e

both functions of mean daily temperature which can be approximated by

I3

T~ 0.5 (Tmax +T .) , . : . (4-5)

min

 Similarly, the mean daily relative humidity can be approximated by
RH= 0.5 (RH_ .. +RH_ ;). Thermohydrograph charFs show™ that
RHg < RHmax < 100 and thabR_Hmin ~ RHj. Therefore RH'>0.5
(RHg ¥[RHZ) and RH'€0.5 (100 + RH,), so that the average of thesé

two expressions should give the mean daily relative humidity. That is
. RHg + 100 S
RH = 0.5 (RH, + ——y——) _ (4-6)

: ) o RH, + 100
Sinf:e RHmin = RH,, then the above means that Rﬂmu X ———

which is not an unreasonable assumption.- 'I?he mean error introduced.
is 4 p{ercent and the‘equati;:n is suited for t}}e Botanic Gardens where
relative humidity drops from 90 percent to 77-84 percent by 8 a. m., '
and for the interior stations where '8 a.m. relatlive humidity&grops
from 90 y‘percent to 80 perceht on cl'ea.r mgrnings. or 98 to 92 percent

J

on foggy mornings. Equation 4-6 is not suited Tor foggy nights.' with |

/ v °




RH = 100 peréent. that clear up by 8 a.m. when RHg = 84 percent, thus
introducing 5 percent error. Such conditions are rare,
The mean daily relative humidity can then be used to give the mean

[
daily vapour pressure

%' " % 100 . . (4-7)

where e is the .s.v.p. at T.

- ' ¢
i

Wind Function: The wind function, f(u), is ge::hapa the most un-
certain qut;niity in Penman's equation, for the dynamics of the boundary
layer are not fully u}r_xderstood. Most formul;e apply' only to the stable
bwoundary. layer condaitiona unc’ier which they were derived. Penman (1948) -

suggested an empirical formula '

; u . :
f(u) = 0.35 (0.5 + m%_) | (4-8)

where u, is the wind at 2 metres in miles per day. Numerous un-
successful attempts have been made to improve Penman's-formula and

Davies and McCauéhey (1968), using Businger’s equation, have suggested

t

. . k 2
f(u) =1.2 u, (1 TS (4-9)
. an ——
. Zo .
by ( ‘ .
which they found to be accurate for hourly periods. =z is the anemometer
. > [~ 3

height and z  is the roughness length (cm), given by Tanner and Pelton

(1960)
log z_ = -1.385 +1.417 log h (4-10)

where h'is the roughness element (cms).

o

"
&



4.3 Evaluation of ' Net Radiation

Linear Regression between Rn and (Qiq)! : N¢t radiation is re- '
quired in Penman's equation but, since measurements of Rn reqdiie the

) r.
use’'of electrical recorders and electricity is not always available in

N

remote pla;:es, other techniquesd are used tc: estimate Rn.- One method,
proposed by Shaw (1956) and Orvig (1961), makes use of a linear rela-

tionship between Rn and (Q+q)1 .  From the radiation balance equation

Rn = (1 - u) (Q,+q)l - Rnl . (4-11)

!

Montexth and Szeicz. (1961), assunling an ap;iroximaté relationship be -

tween Rn and (1l - a) (Qiq)] , showed that

!

n = -{—;—“;— (Qtq) +a ) o (4-12)

2

d‘g:l) is 'a surface "heb.ting ceéfficient". Stanhill et al

(1966) found the definition of B rather misleading, while Davies and

where g = -

Buttimor (1969) concluded that 'a knowled@e of the albedo and the -
heating coefficient is not essential to the task of predicting net radiation

" from solar radiation.' In other woxrds,

. BRn=a(Qqy t+b B (4-13)
where a and b are regression coei’ficienth. Using hourly data, Ekern:
(1965) and Linacre (1968) tested equation 4-13; while Davies (1966, 1967),
using radiation data from 14 statlons over the 1d, d little dif- -
ference between the different regression cMe of the large
differences in climate and surface cover. Polvarapu (1970) used equa-
tion 4-13 to estimate Rn from (Qiq)| to w1th1nt 10 percent of measured

values. Holmes and Watson (1967) observed a 10 percent difference in

Rn from two instruments expoaed'side by side. Therefore, the use of
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equation 4-13 to estimate Rn produces errors of‘the same order of
magnitudeﬂ as measured values.
In e;:plxation 4-11, Rn =f(a, (QiQ)} . R‘nl). Mean five day albedo
_values in table 4-1 show little variations with time and i)lace in Guyana
and can be treated aaéconstant. Therefore, Rn = f( (Q+q)} , Rnl)).
With small seasonal variafons of temperature, Rhl should not have
large seasonal variations. Table 4-1 shows the 5 day’meaﬁ measure -
ments of Rnl which, if considered as one record by ignoring the dif-
ferent sites, has a‘mean value,o"f 87 ly. }day with a standard deviation
of 14 ly. /day. T'reating' Rnl as a constant makes 'Rn = f( (Qiq){ ), yvith
Rnl introducing a mean error of 14.1y. /c‘lay or about 4.3 percent of
Rn. However, if Rnl = f( (Q‘+q)¢ ), as showed by lg)avieé and -Buttimore
(1969) and also noticed in Guyana, then the error is less than 4.8 per-
cent while Rn is statistically a function of (Qtq){ This ’_1in‘ear rela-
) tionship should estimate 5 day mean Rn to within T 5 percent in G;Jyaﬁa,
provided (Qt+q)y is knowz; in(:ecisely.l ! -
Net radiation is plotted a:gain;t incoming syort wave radiation in
figure 4-5a using 15 days data from the Botanic Gardens. The com-

puted linear regression, by the method of least squares, is

Rn =0.676 (Qiq)} - 62.6 o (4-14)

°©

with a high positive correlation of 0.91. For zero incoming shortwave
radiation, equation 4-14 gives a net radiation of -62.6 ly./day at the

surface, and this is approximately twice the net radiation at night.

a

When (Qtq)} is less t;l;an 94 ly. /day, as recorded on a few days during

1972, Rn is‘negative and consequently EP,Qwhich could be negative,

must be regarded as zero. Such days usuaily record continuous pre-

cipitagion.
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' Table" 4-1 Five-day mean albedo and five-day mean net longwave
radiation at the Botanic Gardens, Ebini, and St. Ignatius.
) o
Station Month Date Season | Raol Albedo
. (ly/day)
Botanic .
Gardens August 17-21 Wet 98 27
22-26 ‘88 28 _
27-31 76 '29
Ebini September 6-10 Intermediate 98 26
11-15 " 56 21
16-20 12 26
. . !
St. Ignatius | October- 28-1 ™ Dry . 103 217
November -
2-6 | © 82 25
6-10 7 108 26
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A similar analysis for Ebini, figure 4-5b, gives
.~ Rn = 0.620 (Qiq)} ' (4-15)

with a positive correlation of 0.83. A higher correlation would have
been obtained if a widerlrange of daily radiation had been encountered
over the 15 day experiment at Ebini, but only sunny days occurred.
The above equation means that Rn =0.0 for (Qiq)}y = 0.0, quite unlike
the situation at Botanic Gardens. On such unusual days with very high
cloud cover, Rn—+ 0.0 during the day and Rn= 0.0 during the night, as

a result of fog.

At St. Ignatius

Rn = 0.69%0 (Q+q)} - 67.0 (4-16)

©

with a positive correlation of 0.92. Like Botanic Gardens, St. Ignatius

radiates considex;ably at night. Fogs are not.prevalent. The regression
constants are very simﬁar at Botanic Gardens and St. Ignatius, in spite

of climatic andb surface differences.

The three regression equations’above are expected to give reason-
ably accurate estimates of Rn for use in the control method for EP.
The question must be asked if these equations, based on 15 days of
data, are v;n.lid tl’xroughout the year. Davies (1965) obtained Rn =
0.612 (Q+q)} - 28, using three Nigerian Stations over three ;iifferent

years, and .if his equation is used in Guyana to estimate Rn on a typical

. day when A(Q*q)l = 600 ly. /day, then Rn is underestimated by l percent

[N

at Botanic Gardens,(‘) percent at Ebini, and 1l percent at St. Ignatius.

Ebini data lack low points as no disturbance passed the station

i
during the Rn measurergents, and the entirely different equation is a

result of local and diurnal climatic influences on radiation. The Botanic
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Gardens regression equation, obtained over green grass at a coastal
climate during tlie wet season in August, is very similar to that obtained
over dry grass at St. Ignatius at a savannah climate during the middle
of the dry season in November. The regression equations do not vary
significantly with climate, site, and season.

The correlation coefficient of Rn and (.Q+q); is far greater than

that between Rn and n/N, as will be shown later. Con‘sequently” Rn

can be more accurately estimated from (Q+q)] than from climatological

‘

. . . +
error of Rn is governed by errors in actinograph measurements (- 10

percent over daily periods but certainly less over 5 day perio

>

4.4 Estimation of Radiation from Climatological Data

The absence of actinograph data is a common problem in many
parts of the world, including Guyana. For such cases Penman (1948)
proposed that net radiation can be estimated from astronomical quan-
tities, bright sunshine, and vapour pressure. His ‘method is repeated

here, using Guyana data to derive regional semi-empirical EP equations.

'

Solar Radiation at top of the atmosphere, Q,: 'This is basically

an astronomical quantity. ‘Sellers (1967) provided an equation to compute !
QO; Smart (1965) described a method for calculating the earth-s'u_n

distancé and the orbital angle, while Chidley' ét' al (1970) illustrated a
programm; ._to compute the ’sun's houx: angIe and the daylight hours.

Russo (personal communication, 1973) developed ‘a computer programme
- %

. “t .
for estimating Q, at any latitude. The maximum error of comptxted‘
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Qo was only 3 percent from May to August' in comparison with values

given by List (1968).

(a) Botanic Gardens: Incoming solar radiation can be estimated
from bright sunshine, requation 2-31, by a linear regression between
(Qtq)l / Qo and n/N. The monthly regression coefficients, a and b,
at the Botanic Gardens are given in table 4-2 and the analyses illus-
trated in figure 4-6. The November - February coefficients are not
given since it is believed that the actinograph's calibration chénged
drastically on 30th October 1972; ' presumably the heavy rainfall on
that day entered the instrument.\

Table 4-2 indicates that a <0.35 and b>0.60 during the wet
months (Janua:ry; April - July; and Octdber which recorded heavy
rainfall on the last few days of the month) while a>0.35 and b<
0. 60 during ciry months. It ma)'( seem desirable to use two separate
equations’ to estimate incoming solar radiation bpt; since wet and dry
months have rather elusive definitions with irregular durations from
year to year, one equation is used. With the January - October data,

the linear regression is >
(QFQ)} = Q_ (0.34 +0.58 ) x (4-17)

hd '

"which is shown in figure 4-7.

\v'l‘his' equation has some limitations. On an overcast day, when

n-0, then (Q4q)| ~ 250 ly./day; but since (Q*q)} < 250 ly./day

occurred on an average of two days per month, then equation 4-17
would not considerably overestimate (Q#q){ over 5 day per'iods. In
fig;xre 4-7, some odd points at low bright sunshine and low (Qtq)]

would have altered the regression equation.. However, low points are
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Fig. 4-6 ' Monthly . relationship between (Q+tq) } /Q, and n/N
at the Botanic Gardens - 1972.
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Fig. 4-8 Rnl as a function of bright sunshine.
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. Table 4-2 Regression and correlation constants between Rn :r (Qiq)} .
, Ranl v n/N, and (Qiq)} v n/N at the Botanic Gardens,
s Ebini and St. Ignatius. '
Form of - . * ' ) . . .
regression Month Monthly regression constants (a,b) and correlation r.-,
agquation s —
‘ ‘ . - |Botanic Garden| Ebini -  '|St. Ignatius | St. Ignatius
: 1972 Aug. 1972- |Aug. 1972- 1965 .
) . Feb. 1973 Feb, 197
a b r al bl r a b r|lalb r
\ . Rn =a{Qiq)}' -blAugust . 676 162.6].9
, . ", |September .62] 0} .83 L
> November 5 .69] 67].92 “1
. Ral {ath {y) |August .a1] .22].a1] , . )
5 . . September | .05]. l]l. .45 N
e November . .48]1:42].59
; . 1. , by, ] o
3 .,Lg-ﬁﬁ— =a+b§ January .32] .60].70 . , } -42].26}.72
¢ o February | .36 ] .56].63 .41].291.68
5 * IMarch .44 1 .44 .59 ' .351.391.59
. April .281 .69}.76 .341.35(.65
‘|May .28 | .73].75 .28].45].53
June ".34 ] .66].84 .26(.50].84
July .34 1] .62].90 .26).487.82
JUN . |August .35 .45].74].35}.57].58].34]|.48].68].30].41}.77
: + |September| .38 { .53}.81].35}1.50[.81].20].:68].71].31].43].71
‘ October .27 { .63].78].35].50|.84].25].55(.80].28].42}.58
~]November €8 . “1.30},551.67}.37].31}.56
+ » . ‘IDecember | . .331.48.1.77|.38}.45].79].42].26].70
January .37}§.421.72].45}.33].43 N
. February E .39 .\45 .80].35].40|.45 .
| “ . |Total .34 | .58 |.78].36f.49|.76|.33]. 490 72].33 | 38]. 77
° ¥
N . ¢ ‘ ‘o A Y
L 4 . . ‘;)‘ Q /'
v ’ . N
3 ”
+ R ’ . PRI
a ', u' R




Fig. 4-9 Five day

. average of measured
and estimated’

radiation.
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\ . Seasonal“variations ‘of Rnla,"‘c'n‘ of the coefficients a and b, may

- °
/ o
.
’ ‘

~ X

in a minority over the year and were ignored in order to give more
A oo ,
representation at moderate and high (Qtq)} values. The equation*

would also underestimate (Q4q)} on extremely clear days.: ¢

The net shortwave radiation is given by (l-;l) (Qtq)} , where a is
. \ -
the albedo. Five day mean albedo over grass are given in table 4-1,

and the 15-day meéan is 0.28. Daily albedo varies between 0. 24 to 0. 34,

o

dec;ea'sing with increasing radiation or decrease in the ratio q/(Qiq)} .

+
1Y

The net longwave radiation, Rnl, is a function of temperature,

vafaour pressure, and cloud cover (equation 2-29). The regression con-

stants in the vapour pressure factor in the equation can be determined

» N . s - i -
from measurements of upward and downward longwave fluxes. These
©

measurements are not known with sufficient accuracy for the present

¢ 3

st/udy, and Penman's constants must be adopted. This would introduce

. 9 . . . :
somie errors in estimated Rnl but, as mentioned before, Rnl can be
M I

~ = o

treated as a constant in Guyana without seriously affecting estimates - ,
of Rn. A linear regression betwéen Rnl/ (0. 96« Ta4 (d. 56 - 0.09 .’Ea)o)'

and n/N, shown in figure '4-8a, gives

& . 7

Rnl= 0.960T_*(0.56. - 0.09/8,) (0.47 + 0.22°2) (4=18) °

i

+ wo

The pc;ints are widely scattered. The above equation is ba"sgd on 15 Og-‘
‘ <

days of data in August, and the regression constants may be different
> .o, . ’} “ .
in other months. The validity‘'of the equation at other times of the

a o

)

year must be assessed. T .
~

o,
S~

not be large.. This consideration is based on the fact that Rnl depe-ndso

on temperature, vapour pressyre and bright sunshine. Neither tem-

perature or vapour pressure has large seasonal yariations -in Guyana.
» ) . - ° ©

. < v

, ~ The regression constafos in equdtion 4-18 indicates a weak correlation
< ‘ o

P .

» L€ . . L T

~ between Rnl and bright sunshine. This is realistic, for Rnl over 24 |

L . . - i _ . “:’: , . N b N M
s B N z F

3

>

\

%



‘ hours depends on net longwave radiation at night which in turn has

76

[
- -

VA

) little relationship' with bright sunshine during the day, due to the di-

urnal variation of climate.
Q9 ) . - "
’ Finally, by combining the two regression eguations to obtain net

. \
radiation, the semi-empirical energy budget equation at Botanic Gardens

is given by: -

*
¢

=-;-Y—[(1 -0. 28)Q (0. 34 +0. SSN) - 0. 96«'1‘ (0.56-0. 09/ ) (0. 47+o 222 )] .

3

+’BTY—[f(u)(e -ea] a ' (4-19)

The accuracy of this equation depgx{ds on the accuracy of Rn esti- {

-

mates. The solid line in'figure 4-9a shows actinograph measurements
of ‘(Q«'q)t while the dots are the estimated a(QJqu using climatological
data 1n equation 4-17. The meadn dé-day error is 6 percen't. The errors

in estimated Rnl are unknown but correspond well with measurements

~ in Agugust. 5-day mean Rnl varies from -60 to -105 ly/day over the year.

o
e

Rn estimated from climatological data’is within 1y percent of Rn esti-
mated from aétinoggaph data. Climatological data probably give a value
for Rn that is within 10-15 percent of- actual 'Rn, and this is acceptable

in the present study.

Ly

.
¢ -~ l»%

N
{ ., ~(b) Ebini:g A sxmllar analysis at Ebuu to adjust the constants of
K . ’ ) %i\é"gw;‘i‘ilxmé’x\‘rxpxrlcal EP equanon nges for (Q+q)¢ :
- ! « . .
¢ = : . fe 4-
(Qra)i = Q_(0.36 + 0. 49 T h v (4-20)

-, 4
P t.
.

P which is based on“the August-Fébruary data, The m;)nthly régressions

are shown in figure 4-10 and table 4-2.- This period is, however, the
drier part of 1972 with very high sunshine in January-February 1973,

»
- . - [ 3
Al
> \ , .




Fig. 4-10
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' . .
and with on}y BQdaya having n< 2 hours. Figure 3-6b shows the

monthly bright Bunshine at Ebini with low values in January-June 1972,

Equation 4-20 is not representative for wet months, when it may over-

-
)

estimate ( Q'MH .

4

Table 4-1 gives the 5-day mean albedo over short-grass fully‘

* . » v .
covering the surface, in early Septernber, The mean value is 0,26

,and can be used to estimate net shortwave radiation.

Rnl can be expresaed in)erme of n/N as:

Rnl = of%aT (0. 56 - 0. 09/%,) (0.05 +0.71 3-) (4-21)

r

P

where the regression is shown m figure[ 4-8b. Fi‘om the 'é‘bove con-

"

stants, which are far different from those at Botanic Gardens, it seemé

that ‘Rnl at Ebini has a large dependence on daytime™ cloud cover The

’ o

occurrence of fog considerably reduces n1ghtt1me Rnl. Therefore, the

magxutude of Rnl over 24 hou{;epends strongly on the daytime amount.

-ty

This explains its high dependence on daytime cloud caver.

The semi-em'pirical EP equation at Ebini is expressed as
X - .

-
&

'
s 3 9 ? .

. *.5; [f(u)_(es'-ea)] | ‘ . (4-22)

'

&

being most representative for the dry season.

«

Flgure 4- 9b gives the (Q+qN obtained f;ofn actinograph data (full
line) and. (Q+q)1 estimated from c11matolog1cal data (dots) .'I‘h‘e‘ mean

5- day error is 5 percent In comparxson with measured (Q+q)‘¢ at =’

. -

%9 Botamc Gardens durmg the early half; of 1972, the regresaton equatmn

- i 3

at Ebuu does not overestxmate (Qtq)l as was feared; since. the Botanic

S
Al
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Gardens recorded an average of 520 ly. /day in early 1972 while E't‘)ini

had an average (Qt+q)} of 445 ly. /day. Rnl was about -40 ly/day in |

‘ /
the, early half of 1972 and about -75 ly/day in the later half. Rn, esti-

mated from climatological data, has an average error of t 6 percent
in comparison with Rn estimated from actinograph data. The estimated
radiation compares very well with- solarimetérs and net radiometer

measurements (denoted by +). - \ i ‘

-

(c) . St. Ignatius: At St. Ignatius, incoming radiation data are

-

available in 1972 as well as for 1965. The “regression coefficients for
the two years are shown in table 4-2. There are consistently lower
coefficients in. 1965 as a result of low radiation rmeasurements. In 1965,

13 days recorded (Qiq)} > 575 ly/dayas compared to 87 days- during

the recent périod August 1972 - February 1973. Clelax;ly the actin ph
underestimated (Q+q)y in 1965; but the data neverthéless give
relative seasonal trends of the a and b regression coefficients. Using-

. the more.recent data, incoming shortwave radiation ig" given by
. ) .

|

. _ 1 . ’ . i n . ) ) .
(Qq)l =Q,(0.33 +0.49 g-) N . . (4-23)
which only represents the dry season. Nye’arly the same coefficients

are obtained at Ebini, and this is an indication that cloud influences on

¢

solar radiation are the same at interior stations.

Five-day mean albedo over bunch grass partially covering the-ground

* 1n November during the dry season is given intable 4-1. The 15 day

-

"mean is 0.26 which is near the mean albedo at the- other two stations,

Y

.

" Net longWave radiation is given by - -

. - A 4: . . Rt n ; )
~ Ral = 0.960T,"(0.56 - 0.09/€,) (?.48 +0.42 1) (4-24)

\
NG

*



Fig. 4-11 Monthly relatlonuhip between (th)t IQ
at St. Ignatiue Aug. 1972- Feb. 1973.
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o EP equation for all regions’ of Guyana is .

81

o

Bl [

as illustrated in figure 4-8c. EP at St, Ignatius is given by
' \

.
2

8ty

!
\

+;%— [f(u) (e, - ea)] , | (4-25)

4.5 General Equation and its limitation.

. The use of three equations for EP in Gﬁyana is inconvenient al-
though climatically justified, and an attempt is made to obtain one equa-
tion by combining all relevant data irrespective of location and time.

From figure 4-12a, Rn is given by

Lor
o

Rn = 0.76 (Qtq)} - 96.0 . - Y (4-26)

s
f

where the two regression coefficients increase simultaneously above

-

the- regional coefficients. Combining all (Qiq){ 7Qo and n/N' data does

. not give satisfactory regression coefficients, for a few extreme values

predominate by the use of the least aquareg method. A hand plotted

g

regression, .ysing all data, gives -

3 - . ¥ n ’ i’ E "
(Qtqhd, = Q(0:35 + 0.50 1) . i T (ak2m)
- L . ,
A linear regression of all’'Rnl and n/N data, shown in figure 4-12b,, is
o o eenm - n 9y
Rn] = 0'_96°Ta: (0. Sf’ - 0. (?9IEa) '(0.45 + 0. 26-N-) L (4—-28}

where the Ebini data do not predominate in the regression. A general
. -, , ,

a LY

B

. .
EP = — [(1-0.2'6)00(0.33+0. 491'?,) - 0.96o¢ra(o.5¢3-o.09fé‘a)(o.4a+o.4z§)]

PN
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Flg 4-12 (an Rn as a function'of {Qyq)} and -
(b) Rnl as a function of bright sunshinpe .
using data from all three stations. , . . |

4 -

() Rnas a function (Q+qN,

ly/da Rn =0.76 (Qiq)j - 96.0 *,
y m r =0.88
400" ’
1
3007
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-100 + T 8 ‘
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(b) Rnlas a funcnon of bright sunshine
Rnl «(0.45 +0.26 1 ) )
e -r = 0.~52 =~
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EP= g5 [(1-0. 27)Q (0. 35+0. 50 §) - 0.960T (0. 56-0. 09/& ) (0. 45 +0. 26;1)]

v

. ——ﬁ-[f(u)(e .ea] : (4-29)

v

- .
’

Limitations: The regional and ge‘heral équations have some limita-
tions. In the first instance, pright sunshine is ont;( a rougix measure of
incoming radiation and cannot precisely estimate (d+q)& over a daily
period wt;en errors may reach 30 percent. But their reliability over
five-day periods has already been established."

At low values of ,bright sunshine when n<2.0 hours, (Qiq) is
extremely variable depending on whether the \J;ri'ﬁﬁt sdnshine occurs
at mici-day, early morning, or in late afternoon hours. Some.low ra-
diation pomfs in figure 4-7 have been ignored. The equations there-
fore overestimate (Q-iq),i on overcast days. ,

When n/N = 1.0, then (Qiq)} =0.85 Qo; which mean‘s that a frac-
tion of 0.85 of extra:te'rrésnial solar radiation reaches the surface d
on clear days. However, cloudless days are rare c;ccurrences in -

Guyana since low convective clouds usually develop.  In figure 4-6,

figure 4-10, and figure 4-11, n/N exceeds 0.9 on an average 0.8, 0.5,

and 2.5 times per month at Botanic Gardens, Ebini and St. Ignatius

respectively. ) g

N
v

There are large seasonal variations of the regression constants
plotted in figure 4-13. At Botanic Gardens, b> a in the wet seasons,
but b~ a during the dry seasons (as in February, March and August).

At Ebm1. b-va. Only when it becomes exceedp'igly ‘dry as in January-
oy ;

@ ~
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Fig. 4-13 Monthly regression coefficients between (Q+q)} /Q
at the Botanic Gardens, Ebini, and St. Ignatius.
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Station . |

Period |  Indication’

Botanic Gardens Jan. 1972 - Oct. 1972 |e=pwm 2,cn-0esb

Ebini Aug. 1972 - Feb. 1973 |—+—a,-—-+---b
St. Ignatius Aug. 1972 - Feb. 1973 |—-o—a,---n---b
St. Ignatius

v

Jan. 1965 - Dec. 1965 |~ a—a,-~a---b

n

Figs 4-14, The effects of (a) time of occurrence of bright sunshine
and (b) synoptic disturbances on the relationship be-
tween (Qiq)] and bright sunshine. -

4

i (a)

*
4 *

(Q)y /Q

and n’/N |

*
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Feb}'uary'l973. At St. Ignatius, however, b> a in the wet seasons
but b<a in the mid-dry season period. The 1965 data, with (Qiq)s
underestimated, neverthpless g‘ives an indication of the seasonal trends
of. the regression coefficients. i

It -may appear that one regression equation cannot e.stimate (Qtg}
t»hroughoﬁt‘ the year.QHo,wever, a de(;reaae of the monthly a coefficient c.
is accaompanied by an increase in the b coefficient, as shown in figure ')
4-13. But ali the monthly reg\resysio;l lineg for a‘ny station seem to pa;s
through the same point at rhoderate rad}étion values. iT‘o'r example,

when n/N = 0. 6 at Botanic Gardens (Qtq)} _ °= (0.44 + 0. 44 %_) Q, =

) . n
0.70 Qo in March, and (Qiq)l =(0.28 + 0.73 N—)Qo =0.72 Qo in M?.y; .

"but the regional equation gives (Qtq)l = (0.34 +0.58 %)QOE 0.69 Q.

However, the regional equations overestimate (Qiq)}y on wet days and
underestimate (Qtq){ on clear days. Since such days are a-minority

in any month the regional equations give reliable 5-day estimates of

(Qta)d -. = - » B
‘ ’ ‘ T
. On _comf»arison with other research, Penman (1952) suggested [{Q+q)}

=Q(Q. 18 +0.55—nﬁ-) for S.E. England; equation 4-27 1s justified for
Guy na. On an overcast day*when n =0, then (Q+q)1’ = 0.18 Q0 in S.E.

England and (Q#g)! '=0.35 Q_ in Guyana: However, the direct path
length for ?ncomin"g solar radiation is far greater in mid-latitudes than )

'
’

in the: tropics and the a coeffigient must in¢rease towards low la,titudés.
The fraction of extraterrestrial radiation reaching the surfa’ceidoes

N

not sir‘nply depend on the d\u.of cloud cover but also on clbud tyl;e, . s
- A’k [} I

cloud thickness, cloud drop size di’stribution.,' and atmospheric moisturg/

Atmospheric air has ﬁigh'rélative humidity behind disturbances since-

it is rising (Riehl,.1959), and {Q#q)| is much-reduced ’for moderate -
‘, ‘ i ' N ~ - - \. ‘
- . N . “ .
2z I“ . , ' ° .
: - 5 .
DU .
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~'ally pass between two groups of points. With disturbances entering

\
L}

cloud cover. Ahead of disturbances, the atmosphere is dry since it
is descending so that (Qiq){ is .less reduced for moderate cloud coy‘ér
as aomparéd to the,previous case. There seems to be two famiHes of .

cloud - solar radiation ’gharacteristics \;(hich should require two regre€s-

. ’ 1 ! * v
sion equations. This phenomenon can be noticed in the monthly regres- -

’

sion figures (4-6, 4-10, 4-11) where some of t'he regression lines ac_tﬁ- ~

/s ¢

3 <

Guyana eve;-y 5-6 days, these two effects will, on the whole, cancel

¢ [

each other. v ;
., On a clear day with n =10 hours, (Qiq)d is 600-700 ly./day. On a
cloudy day with n = 3 hours, (Q+q~)i is 200 - 450 ly./day depending on

whether it is clear at morning or midday hours. Consequently the

A ¢

time of occurrence of bright sunshine daes not affect (Qiq)} when h
1>}

o

is large, since bright sunshine eccurs during most of the daytime
hours, but does affeét (Q%q)i when n is gmall. (Qtq)}  is more gpri-
able for small n than ‘{or large n as sketched in figure 4-l4a. This

effect in combination w1th the synoptic: effect described in the previous pa- '

thgraph produces two regression lmes tha.t intercept at high n values

as 111ustrated in figure 4-l14b which is based on Aprxl 1972 for the )

-

Botanic Gardens. - .

Fd

1 [

4.6 Actual Evgpotran_'_pi‘ration and’ the Water Ba].ance

v

:

The evaluatxon of EP is the-first step'towards the evaluat;o:x of the
actual evapqtransplratlon (EA). As the second step, Budyko (1956) ) N .

> ; +f
by consxdermg the phyé’iology of plant cover and av§1lable sail

AN

Thorntleau;e (1955), and Penma.n (1955), agréed that EA can-be obt;nned
from P

!
rppistuxfe Their methods ﬁnd relatxonatups va,rxed but thez succeeded .

: : R : . ( 4 N
» ' » . . . - . “ ‘e
e, Ll e n N
\ C e - ¢ vy & » Loy
p) - i ¢ ~ . ’ 4 ' \‘
| " ‘\,,. ) ~ N . §“§ o v . . .
/ ’ v . ¥ LR § G
) . EA | v L - .
y . . v e T a »
3 P . -
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sture Yor evapotranspirationl comes from the root zone and
®

« plants cannot utilise moisture below the roots since the upward vapour

provided tables/Aor rough estimation of root depth and moisture hofdiﬁg

capacity. For present study t these are adjus'ted by the use: of soil

o

. prohles and root depths from the FAO soil survey of Guyana (1966), as

shown in table 4 3. : !

N
t

Below the permanent wilting point (PWP), soil moisture is held
[ENYY *
so tightly by the soil particles that it is unavailable for evapotranspira-

tion. The PWP varies with soil texture and may be 3 percent of

moisture holding capac1ty for sandy soxl or 30 percent for clay soil

"(Chang, 19’6\) p 198). In Guyana, 20,12, and 8 percent are used for

b

clay, fine sand, and coarse sand respectively.
+ Viehmeyer and Hendrickson proposed that EA = EP until the wilting
pomt is reached but Thornthwa1te au@i ‘Mather (1955) proposed EA/EP

is linearly dependent on soil moxsture content. Other workers (Pxerce,

-

1958 and Holmes, 1961) suggest'eg A compromise between the two ex- .

tremes. However, Baier (1969) found close agreement between esti-

Y. o
—

mated and measured soil moisture conteént by using Thornthwaite's
relation. In view of such unresolved d{sagreement both Thornthwaite's
and Holmesd's proposals were tried hGuyana,witt}out aignificant effects
on the monthly EA amounts. For Guyana soil types, EA= EP when’
~ . °
soil moisture com above 70, 80, 90 percent of field capacity for
clay, fine sand, and coarse sand respectively.’, These hgures are
' based on Holme's drymg curve, for 'which he remarked that EA =EP

°

over a large part of the available moisture range on the heavier soil,

" flux is ’extremely small (Kramer, 1949). ‘Thorntmne and Mather (1‘1957) )

X
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Table _4-3 Plant-water characteristics of soil at the
Botanic Gardens, Ebini, and St.. Ignatius.

Station Botanic Gardens Ebini St. Ignatius
Vegetation Grass ( Grass Bunch Grass
Soil Clay Coarse Sand | Fine Sand

Root Depth |. 4.2 4.0 | 5.0 '

FG- " 10.0" 5.0" 6.0" .
& . 709, r 90% 80% - '
PWP 20% ol e o12%

-Fig. 4-15 Drying Curves

'

- A =Budyko
B = Thornthwaite
= Baier
D =Holmes

+ FC PWP 0
Soil Moisture Content (%)
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M g ,
but for coarsé sand EA fell short of EP early in the drying cycle.
D'ienrtxead and Shaw (1962) cautioned that under high EP rates EA fell
short of EP at soil moisture content close to field capacity, but at
low EP rates EA = EP close to the wilting poaint; this v1ev.v has re-
cclantly been supported by Linacre (1973). .
a Between the two extremes of low and high soil moisture conteont,
dey'k'o (1?56) used a linear relationship while Hglmes (1961) usech a‘n"
exponent;al decrease shown in figure 4-15. Holmes (196l) found that
the exponential.drying curve is a “considerabfe imprbv‘e‘ment ove; \
fhornthwa_ite 's method to estimate soil moisture status in Ottawa,'
but Baier (1969) found that his linear relationship, also for 6ttawa,
''gave results closely related to obdervations" as opposed to the ex-
ponential drying curve. Thornthwaite's relation is quite simifar to
Baier's, while B.udyko's relation is similar to that rlecom‘mendecll by

Linacre. Thornthwaite's and Budyko's relationships are adopted here

since both have been used auccessﬁilly for worldwide estimates of EA.

~

|

The Water Balance: Thornthwaite and Mather K1957) have pro-
posed~ a scheme to estimate the cémponents of the water balance. This

scheme is uysed here, but with the adjustment that monthly runoff is

!

approximately 0.7 times the surplus water ('Ga.rnier, 1960).

l Several assggx‘ptions are. made inthe water balance. There is nov
soil moisture storage unless raxnfall exceeda EP, and no surplus water
unless so0il moisture content is at field capacxty Budyko (quoted by

Seners, 196T), however.;asaumed that surplus, S, is proportional to
0.8R W,
t ’ ’ h e .

rainfall, R, and soil moisture content, w w~er S (-E-m) R wf‘—C
This relatxonshxp is not used here for there is uncertainty in the co-

LYY
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s

efficient 0.8. Subsurface and surface runoff are notyseparated.
i

.Seventy percent of monthly surplus water runs off while 30 pércent
< ) ‘
is kept as ground water storage (Garnier, 1960). No consideration

has been given to lateral or horizontal flow of water which is certainly

-

important along the coastland that is below the level of the interior

water table. Evaporat’ion from soil and transpiration of planté are

-

treated as one process; this is acceptable for grass completely

covering the surface. Interception of rainfall is not considered since e
all intercepted water eventually evaporates; but inte;-ception does in- “
crease the storage. The water stored in the litter layer is included
in the total moisture holding capacity.
' &

The water balance is determined here because EA and the water
-

o

balance are interactive processes, and neither can be estimated in- .
dependently using mere climatological data. The unce‘rtainty of EP
estimates in Guyana has been a serious obstacle in assessments of
the water balance, and it is demonsgrated“here tha; this obstacle is
rer;novevd- It is now possible to obtain the water balance of Guyana,
using climatological data. This technique has been advocated by
Thornthwaite; recently Lee (1972) used ''readily available basic meteo-
rological data as input for water balance calculations' over a water-

shed and concluded that these data were more representative than

the available hydrological parameters.

2.
4
,

%
va
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CHAPTER FIVE

COMPARISON OF POTENTIAL EVAPOTRANSPIRATION METHODS
. / * < -
The results of several evapotranspiration methods are presented
in this chapter. Penman method denoted by EP was used as control.
However, Rn could not .bel measured for more than fifteen days and was

Y

therefore estimated from (Qtq){ . The regional semi-eméirical energy

" budget formula is denoted by EPsemi and the general semi-empirical

energy budget equation by EPéuy. Pan coefficient 7ferh to 't’/hktai:io

of potential evapotranspiration/pan. evaporation and is not exactly the
- K - )

" same as the ratio potential evaporation/pan evaporation. The .actual

evapotranspiration, EA, was obtained from the water balance.

°
5 « . -

Ed

5.1 Potential Evapotranspiration at Botanic-Gardens

Penman: The highest daily EP in 1972 was 0. 31 inch. Daily EP
. \ \ .

'rarely exceeded 0.25 inch or fell below 0.05 inch. To be ptecise,

EP exceeded 0.25 inch on 21 days in 1972 .and was.less than 0. 05 /inch
) *
on 16 days. Extreme values occurred 10 percent of the yeadr.

i

It should npt be tiaought that EP is always uniform in thg tropics,

for dramatic daily and seasonal changes t

place. In May 1972, the

“

wettest month of the year, five cycles ‘¢f daily EP can be detected in

figure 5-la. Six disturbances passed dyer the Bbtanic® Gardens re-’

ducing incoming radiation, temperature, wind speed, and vapour pres-

~

. !
sure deficit; EP was accordingly reduced. Between disturbances

the reverse climatological effects were fglt, including high EP. /In

]

Septﬂémber. the driest month of 1972, intense disturbances were absent .

and EP remah&d bigh but, neyerthefeu, five or six cycles cah be

barely detected. =~ - - - .

~

-
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‘Poténtial evapotranspiration at ‘the Botanic Gardens in 1972
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(2) Daily EP
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) Table 5-1 Moathly KP at the Botanic Gardens (rom Jasuary 1972 to February 1973 .

3 -
L
"f)“ .4
. PR MypaA MiI[3[n]ls]o{N|D}|3 |r |1972{roraL .
P o.54]s. sefs.s7]s. 32]4. 47{4.06]s.99 s.‘g 6.40[5.98 [ls. 91)(s. 19)is. a1}ls. 57)[64. 46] 5. 84
, EPsemi 4.76]8.62[3.55]5.39]4.80 4. 77]5.82]6. €4]6. 34[ 6. 3815, 15]5. 22]5.93]5. 64 |66. 24]77. m1
. | EPguy s.65]s a2]s.42|s. 284 754 6a]5.61[6.26]6.07]6. 12}4,98]5. 03]5.70]5. ¢6 Jo4. 12{78. 33 |
- , ©Epa 4.75(5.1515.83]5. 11 |4, 47]4. ¢3[5.09]6. 45| 6. 75 6. 27 |4. 905, 80[5. 94 ]6. 08 [65. 00[77. 02
© EA a.54s.e0]s.57e. 58 |a. a7 )a. 855 99s.58]s. 56 ]3. 14 [a.91]s. 19]4. 87]2. 73 [s9. 7867, 35T
' 1.26 EQ 4.64[5.585.30]5. 46/4.71(5.33/6.52{® 10]6.85]6. 21 .
.19 EQ " ]4.38s. 27|5.19(s. 15 ]4. 45]5. 04]6. 16|5.76]6.47]5.92
Erad 3.89]4.68]a.91 0. 593.93]4. 4|5 a7|s. 22 ]5.74]5. 23 4. 31 4. 56 ]4. 81 |4. 48 [56. 86|66 25
Eady .68] .86] .66] . 73] .s4] .42] .82] .58] .66] .75| .60 .63{1.00]1.09] 7.60] 9. 89
. Eady/EP .14 La8] a2| caef .22 L09] 09| .a0f a0 a3 .u2] a2 Lx7] .20 .12 .13 |
EA/EP 1.000.97[1.00]0. 86 |1.00{1.00|1.00|0.98/0. 87]0.53]1.00]1.00]0.84}0.49 ] 0.93] .90
EP/Epan  -96[1.08( .961.04 r.0ol1.10(1.18] 88| .95 .95/1.00] .89| ,98] .92 L. oo| .99
T s EP/EQ |1.22]1. 24{1.24 1.zoPn 1.18]1.16{1.17 1. 18[2. 19 . 19)
1.26EQ/EP [1.02[1.01 .99]1.03]1.05[1.20]1.09]1.07[1.07|1. 05 (1. 0s) - "
1.19EQ/EP | .96] .95] 93] .97{1.00]1.04[2.03r.01]1.02] .99 (0.99)
EPsemi/EP 1.05 1.0,1 1.00[r.00f1.07} .98] .971).13] .99)1.07 ’}03)
EPguy/EP [1.02]0.9810.971 .9911.06] .96] .94l1.08! .9si1.02 g.oo)
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In figure 5-lb five-day totals, hiding the five day cycles, show
““abrupt seasonal changes with the onset of the wet seasons in mid-April
and late October. The wet seasons of 1972 began abruptly with a sudden
drop in EP, in contrast to the gradual change from wet to dry season

with.constantly increasing EP in .'fanuary*February and June-July. When
th;‘ rains began, the soil and air changed from dry to humid but, with
the~cessation. of the rainy seasln. the ’aoil remained moist for some time
afterwards and the upward vapour flux kept the boundary layer humid.
The monthly totals, shown in figure 5-lc, indicate two sc_asoné.l_ cy-
cleﬂs of EP over the year. ‘Monthly EP was approximately 5.5 inches
in the first dry season, 6.2 inches in the second dry season, and 4.75
inches in the wet seasons. The second dry season was undoubtedly
drier than the first both in terms of ite longer duration and its higher
EP rate. ‘
Table 5-1 shows the contribution of the aerodynamic term, Eady,
to the monthly EP amounts. In the dry seasons, Eady = 0.70 inch per
month, and in the wet seasons Ea‘dy = 0.50 ipch per month. Maximum
daily Eady = 0.05 inch on a few windy days in February. Because of
the very high EP in the secc;nd dry season, the ratio Eady/EP has only
one cycle per annum. That is, Eady/EP = 16 percent in the first dry
season and Eady/EP = 10-12 percent over the rest of the year. To
explain the fact of only one cycle, it should be stressed that EP is

mainly a function of radiation while Eady is a function of wind run and

¢
vapour pressure deficit. Therefore Y

.

Eady _ ¢ wind run, vapour pressure deficit)
EP ~ ( radiation [

As incoming radiation increases towards the dry seasons, 8o does the

. vapour pressure deficit. Consequently, Eady/EP is mainly a function
\,I ’

°

1

(-
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of wind run, as verified in figure 5-2a. Figul:e .‘:}-Sa ax;d table 5-1
a\lsq? verify one cycle of Waa run and Ea;dy/EP over‘the year. In con-
clu;ion, Erad cont.ributed 83+90 puercen,t towards EP at the Bt;tanic “
Gardens.

!
When 8 a. m. relative humidity and temperature were assumed as
mean daily values in Pen;nan's equation, the monthly EP was under-
esti;nated by 0. 20 inch in dry months and 0.14 inch in w’et m'ont.hs. The
total annual underestimation was 1.90 inches- or 3.2 percent. There—'

fore, at coastal climatological stations taking one daily 8 a.m. obser-

vation, the readings are sufficient for EP computations.

Evapotraﬁspirometer: The evapotranspirometers functioned unre-

liably over most of the period of operation. The July-August data
were disregarded since ‘the soil had not fully settled and the grass had
not reached the same maturity as that of-the surroundings. Measure-

ments were lower than computed EP values, as in late August (see
{

figure 5-l1b). The October period was the driest part of the year and

measurements were 13 percent higher than the computed EP. The

late October - mid-November period was the ornset of the second wet

season, producing overflowing of the evapotranspirometers. The

January-February data are not available.

Period | No. of days | EP | Evapotranspirometer
13 Aug. -21 Oct. 70 14. 07" 16. 63"
11 Nov. ~31 Dec. 51 8. 64" . 7.52"
Total 121 22.71" 24.15"

{
Best agreement and best EP conditions were obtained after the
end of the wet seasons, in September with 4 percent overestimation

and in mid-November to mid-December with 6 percent underestimation,



Fig. 5-2

MONTHLY MEAN,WIND RUN (mls/day)

MONTHLY MEAN WIND RUN (mls/day)
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Eady and o as functions of mean wind run
at the Botanic Gardens
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. when heavy rainfall and dry conditions were absent but the soil was

still near to field capacity. During the August-December period, ex-
cluding the late-October to mid-November rainy period, measurements
over 121 days were '6 percent higher than computed EP. Since this
period included dry conditions in early-October, it can be asaumed
that the computed EP was near to the true values.

Unfortunately, the evapotranspirometers cannot measure/EP with .
sufficient accuracy over 5-day periods for the immediate requirements
in Guyana. Monthly measurements should be ac‘{:epted with caution and,
for example, measurements over 'December were \0. 6 inch or 12 per-
cent below computed EP because 3.1l inches of rain fell during the last
three days of November. Linsley (1958) recommended that evapotrans-
pirometer resuits should not be employed in water-resources survey
unless the results had been compared with estimates of EP by some
other independent method. The evapo;:ranspirometer results cannot be
used as controi.

-

Semi-empirical formulae: The regional semi-empirical formula,

denoted by EPsemi in table 5-1 and iigu're 5-lc, overestimated EP by
an average of 3 percent during the January-October period. This,
however, is acceptable. Large overestimates, ehsp.ec_ially in the wet
months (January, May, October, and August), were attributed to in-
tense distu.rbances that drastically reduced ix\xcoming shortwave radia-
tion; but the EPsemi formula cannot be adjusted to estimate accurafely
EP on overcast days without affecting EP on moderately cloudy days.
For the‘o other months during the January-October pe.riod. monthly .

d A}

EPsemi were within'l-2 percent of mogtl;ly EP. Five-day totals of

EPsemi, denoted by dots in figure 5-lb, were ouffiéiently nen_-w- ’

’ Y

DN




) ™
day totals of EP to recommenﬁ; use. At low EP rate, however,

: v

EPsemi overestimated by about 15-20 percent over tive-day periods.

The general semi-empirical equation, EPguy in table 5-1 and figu_re‘ ]

~

5-1¢, improved the annual estimation of EP because it underestimated
by :‘Al

t in dry months and overestimated by 4 percent in wet months.

EPguy eref.ore just as 'good as EPsemi, even over five-day periods.

*

Equijlibrium model: Since Eady anly contributed 13 percent to the
o V -

total EP, net radiation could be used to estimate evapotranspiration or

equilibrium evapotranspiration. EQ must be increased by at least 13

-

percent in order to equal EP. Table 5-1 shows that the monthly a
varied between 1.15 tol. 24 with a 10 month average of @ = 1.19. There

was no systematic variatioh with the seasons. It seems that a < 1. 26

L ' -

rl

in a hamid climate.
As described in section 2-7 and equation 2-37, a = f(Eady/EP).
It'was just shown that Eady/EP == f(wind run): Therefore, a =~ f(wind

run) and this is verified in figure 5+2b where a =1.04 + 0.00223 Uza T

with a high correlation of 0.93. From figure 3-5a and table 5-1,

highest wind run and a occur in February while lowest values occur

. td

in June, To examine¢ what’this implies, note that the synoptic_scale

., . -

circulation controls the incoming solar radiation which‘determinea the
dry bulb temperdture and, therefore, the vapour px:-euure deficit seeing
that. ths actyal vapour pressure changés. little’ from day to day. ‘The

+ synoptic scale circulation controls the day to day changes c;f wind i-_uxf
wkile the large scalej circulation cantrols th; seasonal changes of .

1 .
wind run. Consequently, incoming solar radi:tion can be usded .to deter-.

.
’
-
€ v
- .
.
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. mine EP provided the influences of the large scale circulation on wind

run are taken into account.’
»

_However, monthly a had a mean deviation of 0024 and the use of.

rd

/ a = 1.19.underestimated EP by | percent. Usin mid-latitude value

&

of a =1.26 gave a 5 percent ovérestimation of EP, which is an ac-
ceptable error. The equilibrium model can be used confidently at the

coastal region, and .itlz_is particularly attractive since only air temper-

ature and (Qt+q)} from the actinograph are required. The model .

can, therefore, be used in"wet gonditions, provided the coefficient a
A} \\ .

is less than 1.%6.

(-4
1

.o

3

Pan Evaporation: n coefficients to estimate lake evaporation in

Guyana cannot be determined 'here; the pan coefficient as used in the
present study is the ratio of potential evapotran‘spira’tion over pan evap-

oration. . !

Q

The corrections for heat advection Erbggh the sides of the class
‘A’ pan were usually less than +0.03 inch per day, since the mean sur-
face water temperature was slightly higher than mean air temperature.
Kohler (1955) stated that some incoming radiation is used to warm a
lake to considerable depths and is not itr;mediately av'iiiabie for evap- -
. oration. Therefore lake evaporation should be less than pan evapora-
tion. In the tropics, with small seasonal temperature variations, the
heat storage of lakes should vary:‘little over the year and pan éoes\ffi-
cient must be higher than that in mid-latitudes. ‘
t: . . At the Botanic Gardens the pan coefficient is 1.00. Monthly pan r

evaporation and monthly pan coefficients are given intable 5-1. In

. the wet season, pan coefficients were usually greater than 1.00 and in ' /




" June and a large fraction of wet season rainfall did not remain in the

_dry speu‘ of B5: days that recorded. 2.66 inche$ of rainfall, which was

the dry.seasons they were less than 0.98. The use of the mean’ annual-

v

pan coefficient can estimate daily EP with good accuracy along the coagt--

land..

The Water Balance for Botapi¢c Gardéns: The water balance was

computed on a day-to-day basis and the total monthly components of !

the wa’.ie; balance are given in table S-Z;and figure 5-3. The compu-

" tation's began in June 1971, while EP after October 1972 was obtained

.
-

from EPsemﬂi. , {

Rainfall was the"mést variable quan}:ity in the water balance. In
the driest‘mon'til at least half the plant water requirements were satis-
fied; .floodg caused many problems in 1972 but not in 1973. Forty-five

percent of annual rainfall occurred-in the long wet season of April - i

soil. The second wet season began unusually early in 1972, on 27 October,

but ended quickly in migl-Décet;xber. January 1973, with 2.16 inches of
rainfall,/wa.s far drier than January 1972 so that the first dry seasoix
of 197'3 was exceedingly dry. The second dry season ended with a long
. R . . . 0
8 inches shortoof EP. The high annual rainfall of 105.71 inches in 1972,
nearly twice: the annval EP, did not prévent a long dry period of 55 days. o
" EP has been described above in detail. The seasonal varjation of - ‘

EP was far less variable than rainfall, since EP stayed within 4-6

inchejs per month. ];.ow EP in rainy months and high EP in dry months

are the restrictions ®o plant growth imposed by atrnospheric processes

o »

producing heat and precipitation.

Soil moisture storage.is 10.0 inches and remained above 70 percent |

¢ -
0
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Table 8- Water balance at Botanic Cardens - 1972

4
Mogth 3 F M
EP .35 5.3% 8.87
Ralafall 1.5 4.40 5.98
R-XP 7.02 ~1.18. 0.41
Accumalated
Defick -1.18
Storage .62 882 1.78
Change in
Storage <0.38 -1.00 -0.87
EA 4.5% 5.40 5.57
Deficis 0.0 0.15 0.0
Surplus 7.40 0.0 128
Runoff 5.68 2.60 1.68
¢ I
(<3
2 e T B
. 5,
Fig. 5-3
Jan.
Q
T 20+ )
4
v 161

A YR | J A s ]
5.3 440 485 599 3.68 639 5.9
14.43 19.43 12,99 7.76 5.00 2.90 $.48
9.10 14.95 7.74 L.77 -0.68 <3.49 0. M
<0.68 -4.17 -4.51

10.00 10.00 9.48 8.21 7.63 4.97 1.4
f2s 0.0 -0.52 <127 -0.50 2.6 2.9
455 448 4.8 3,99 5.38
0.78 0.0 . 0.0 0.0 0.10
.26 304 0.0

‘1.63 10,98
5.84 12.21 9.45 4.96 1.49

3.56 3.14
0.8 2.88
0.0 0.0
0.4 0.1}

o

1972 to Feb. 1973

N
"N
12.47
1.%¢
.93
.44
“n
.0
s.12
3.62

D
8. 19
3.9

<1.66

.68
.74

«2.19
$.19
X
0.3
1.46

S
s 8.8
217 0.9
3. 64 6. 47
«5.30 9.97
5.04 %21
-2.70 -1.83
“n amn
0.9¢ 2.0
0.0 0.0
0.4 0.1

»

Water bala%%ce at the Botanic Garciens from

1972 Tetal
“.a 7.
103.72 100,78

39.77 61,07
«n L
w.n an
5.5 3314

-um.'
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. conéecutix}e'days in 1972.

"No. of consecutive

102 - '

from January-August 1972 when evapotranspiration proceeded at the

potential rate., Soil moisture content (SMC) ‘above ‘Iield ‘capacity (FC)

-

poses a dange;- to agriéulture.. Floods along the coastal region depend

on drainage, tides, etc., but can only take place if the mét,sture content
exceeds FC and if a heavy shower occurs after FC is reached. The

table below shows the number of times that FC was exceeded for 1-10

days that FC was
exceeded in 1972

Gonsecutive.-days | 1]2(3]4]5]6]7}8]9] 1 |
2Rk

g

Most heavy showers in 1972 temporarily raised the moisture content

0
!

2

»
g

above FC for one day, but floods were likely on five occasiorg§. At the

E beginning of the first wet season, 24 April -1 May, heavy rainfall was

recorded. This heavy rainfall raised SMC from 46 percent to 100 per-
cent; ) during i:‘those- 7 days,l10.46 inches of rainfall was recorded
including 3.88 inches on 29 April. Floods resulted. At the beginning ‘
of the second wet season, 9.16 inches was recorded over the 7' day
period %‘l October - 2 November. SMC was raised from 60 percent

to FC, but floods did not occur althougix 3.60 inches fell on 1 day,

% - :
. since heavy rainfall ceased after FC was reached. Therefore, rainfall

data by itself gave no idea of ﬁ;')(;d occurrences. Floods were also

likely on two other occasions: May 21-25 with 9.03 inches of rain

over 4 days after FC was reached, ‘an.d 8-12 June. SMC, as deter-

mined here, may not be precise but is undout?tedlx a useful hydrological

and agricultural parameter: }
1972 was ba'a'ically a wet year at the Botanic Gardens, but plant

2

water requirements could not be satisfied in some months (February,



April, September, and October) when SMC fell below 70 percent. The

- most severe drought, 2 September - 26 October, recorded only 2. 66

inches of rainfall over 55 days so that SMC fell to 36 percent - its

loweét vglue in 1972. For successful rice cultivation the ideal weathe;'

Al

is heavy rainfall in April -'August for good growth, and a dry I;eriod
afterwards for harvesting. Therefore, the September -October drought

was acceptable for rice cwluvatmn but rather unsuitable for other

crops. The early beginning of thL second wet season, however, des-

troyed rice crops that were not ha:rvested by October 27, 1972.
In retrospect floods, rather ‘than droughts, ‘caused some p}oblems in
1972 but conditions were reversed in 1973.

I

Actual Evapotransp1rat1on proceeded near to the EP rate for most-

of the year since ;»,\f.‘.A =0.93 EP. Table 5-1 gwes the monthly EA/EP
ratio. Even in Dec\:\rpber, with 3.53 inches of rainfall, EA/EP =1.0
by the dtilishtion of soil moisture. However, m April with 14. 34 inches
of rainfall, EA/EP = 0. 86, since tile heavy rainfall began towards the
end of the month. )

The daily picture of EA was different. Figure 5-la.'sh6ws that
EA=EP throughou; May. On the. first day of September 1.43 inch of
rainfall.-raised SMC to FC and, a.lthou‘gh little ra.inl fell during the rest
of September, EA=EP for two weeks afterwards. For the rest of

September, EPx~ 0. 22 inch per day but. SMC < 70 percent; therefore

EP continued at a reduced rate. By the end of the first dry season

EA = 0.57 EP, but by the end of the second dry season EA = 0.47 EP.

Moisture deficit was 4.71 inches in 1972, in spite of the large

surplus water of 48. 21 ipches. October expegi:;nced the lar‘gest'

—




deficit of 2.85 inches. The ,next/: ;rear began differently with little
rainfall in Janu}s.ry and Fet;ruary 1973. While li-ttle or no deficit*oc-
curred in January - February 197 Zl. a substantial deficit was’ experi-
enced in the same period of the following year. The earlier half of
1973 was a severe drought: in Guyana, a.nci also in many parts of tropi-

cal Africa and Asia..

5.2 Potential Evai)otranspiration at Ebini

Penman: Table 5.3 shows the monthly EP from August 1972 -

February 1973, using Penman’s formula. Because of the close similarity
of EP and EPsemi, the latter w;u be used to analyse potential evapo-
transpiration at Ebini in early 1972. Ebini had approximately the same
totafl annual EP as the Botanic Gardens, but in the first half of 1972 EP
was less at Ebini a:nd was more in the later half of 1972./ Ebini did
not experience 2 éeas;:nal cycles of EP - a fact which can be;, inferred
from the- bright synshine data in Figure 3-6b. The first dry season,
apparently, was‘ very mild over the forest region.

d Fi:ve-da:y totals in figure 5-4b show the seasonal changes which
occurred. Alth;mgh the beginning and the ending of the first wet season
were quite gradual, there wé,s a sharp drop ‘of EP in November as the

]

ITCZ passed over Ebini. Variations c;f EP due to synoptic disturbances
were smaller at Ebini, figure 5-4;. In ;he wet season, daily EP ';avas
less than 0. 20 inch but greater than 0. 20 inch in the dry season. The '
variations are less at Ebini because, between disturba.nces‘, there is
reduced cloud cover o;';ver oceanic and coastal areas, but over continen-
tal areas convective clouds due to heating are always présent. Thus,

N

EP is not considera.bly"incma.sed~

¢
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The aerodynamic term, Eady, accounted for 0.50 inch of evapo-

~

transpiration per month in the early half of 1972 ,and 1. 00 inch per

month during the long dry séason. However, the ratio Eady/EP, being
8-10 percent in the wet seasons and 13-15 percent in the dry seasons,
did not have 2 cycles as in th;.a case ‘of Eady. Higher contribution
from Eady is to be anticipated at Ebini where it is usually ver‘y l;ot

during the day. However, Eady was lower at Ebini than at the Botanic

Gardens as a combined effett of lower wind ruh and fogs or high ’

humidity from 6 pm to 9 am. Eady was negligible at nights. In figure
4

5-5a, a linear relationship is also noticed between wind run and Eady/EP.

7z

EPsemi: EPsemi gave monthly values to Within-t 4 percent of EP

with a mean ;arror of one percent. Therefore, EPsemi should be near
to the true EP during the early part ?f 1972. The five-day mean EP-
semi show good agreement with EP in figure 5-4b.

However, the general semi-empirical formula coﬁsietently under~-

i

estimated EP by about 9 percent. The underlying cause for this was

that the general equation 4-29 overestimated“Rnl and so reduced EP.
: L4

Insfigure 4-12b, the Ebini points do not predominate and equation 4-28
for Rnl gives no consideration to the low Rnl at Ebini. Consequently,

the general equation cannot be used over the forest region.

B
N -

Evapotranspiroineters: Measured values-of EP exceeded 10.0 inches

per month., The observer had killed the evapotranspirometer grass by
!

applying excess fertilizer. .

q Q

S
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Fig. 5-¢ Potential evapotranspiration it Ebini in 1972 ) .
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TPeemi _ [6.33]a.73fa. 98} se]a.91]a. 76]s.56]5. 74]6. 74 6. 36| 4. 81 4. 65s. 20| 5. 08 [62. 41]72.74
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4.313.49]1.64]154.16|%9. 29
4.84|5.36|5.24
4.68|5. 20]5.08

Epan 5.00|s.62]5.95 5. 63]5.51|5.98|6.59]7. 02|s. 80|8.90]6. 10
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Fig. 5-5 Eady and o as functions of mean wind run
at Ebini .
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(a) Eady/EP as a function of monthly
. mean wind run ' :
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"+ Tajje 5-4 Water balaace at Ebini - 1972 f
» - - /“
Moath J F M A M I 3 A 8 O N D J F 192 Tmal
P 32 4,70 4.98 485 493 477 5.5 591 6.95 6.61 4.00 4.6 5.29 5.28 62.09 13.46 )
Raiafall 11,86 3.09 7.65 9.36 12.99 9.28 7.04 5.04 1.48 4.00 .54 4.10 1.99 ©.72 83.83 84.74
R-EP 7.56 1,65 2.67 4,50 0.06 2.51 1.49 ;0.07 -5.47 -1.81 .74 -0.38 -3.30 -¢.56
Accumulated *
A 1,65 ) -0.07 -5.34 -7.38 -0.38 -3.60 -9.2¢
Storage 5.00 3.78 4.02 5.00 5.00 4.31 3.49 4.55 1.34 3.64 4.03 3.e6 196 1.00
:.::"'.“ 0.38 -1.22 1.04 0.18 0.0 -0.49 -0.82 1.06 -3.01 2.10 1.19 -1.37 -1.50 -8.92
XA 433 404 492 4TT 530 470 449 270476 431 349 168416529
Deficit 0.0 0.460.150.16 0,01 0,0 0.25 1.13 2.46 3.91 0.06 6.17 1.90 3.6 8.7¢ 14.18
Surplus 2.15°0.03 1.78 4.49 .07 3.20 2.56 0.0 0.0 0.9 .59 1.16 & ¢ 29.02 9.8
Rusotf 5.13 1.56 1.71 3.66 6.75 4.26 3.07 0.92 0.28 0.08 0.4¢ 0.94 ©.28 ©.08 28.80 29.16
a4 ° ,
. b
Fig. 5-6 Water balance at Ebini from
Jan. 1972 to Feb. 1973 .
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Equilibrium Model: The model overestimated EP by about 4 percent

when a =1.26. This is an accept‘able error. However, the computed

coefficient is 1. 22 and is based on 6 months data shown in table 5-3.

Usding a = 1.22 gave good five-day estimates of EP. Once again the t

monthly meanp n\ is r~e1atedk to wind run, as shown in figure 5-5b. |
In section 2-7, the equilibrium model was Q,roposed for estimating

!
EP over forests. It was just shown that the model indeed gave good N

estimates of five-day EP and is therefore recommended. In figure
S

. 4-9b it was shown that (Qtq)} at Ebini can be reasonably estimated

from bright sunshine data: Therefore, Rn‘can be reasonably estimated

from bright sunshine. When actinograph data are not available, then
EQ and EP can be estimated from bright sunshine and dry bulb tem-
perature. However, it may be necessary to improve the Rn v (Qig){

relationship by taking some radiation measurements over the forest

t
2

rather that above the Ebini clirﬁatological station.

3 : =

Pan Evaporation: 'During the first half of 1972, pan evaporation re-

mained within 5-6 inches but increased to 8.9 inches by October. The
high dry season evaporation was not due to high advected energy from.
air to hpan', since corrections for this averaged-o. Ol inch per day with
a rqaxiniufn correction 0.02 inch. Pan coefficients vary -between 0.73
to 0.89 with an annual mean iralue of 0.8l. The use of a mean coefficient
of 0.8l throughout the year gave an underestimation of EP in the wet
seasons and an overestimation in the dry season.

It was remarked in section 4-4 that the semi-empirical energy

budget equation may only be valid for dry months. However two inde-

pendept estimates of EP, namely EPsemi and 0.8l Epan, gave monthly
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values that are within 4 percent of each other during the early half

’

of 1972 as shown in t'iguré 5-4c. The monthly EPsemi and 0. 81 Epan

values were also well below the September - October EP amounts.

Therefore EPsemi did not overestimate EP in wet months~as was feared.

>

Water Balance at Ebini; The water balance at Ebini is given in

table 5-4 and?ustrated in figure 5-6. Th‘i annual rainfall, 20 inches
in excess of EP,. was well distributed thz:oughout the‘ year since the
wet months received 7-13 inches of rain. The wet seasons bega.n and
ended gradually, unlike the abrupt begmnmg at the coastal and sava.:xiah
regions. The second wet season of 1972 *as barely not1ceab1e, 80 that
a serious drought took place in early 1973. The ground was parched
dry by the end of February 196’73. .
The annuai EP was 62. 89 inches, about 2 inches lower than that
of the Botanic Gardens. January and February 1973 recorded far
higher EP than the corresponding months of the previous year.
Ebini, being on high ground, did not experien;:e floods but when
FC was reached heavy rainfall and surface runoff from hills caused
floods in nearby valleys and river areas. Most heavy rainfall in 1972

temporarily raised SMC above FC for one or two days. Although

floods were likely on several occasions, the heavy rainfall that occurred

along the coastland or the savannahs did not prevail in the forest region.

For example, daily rainfall in 1972 exceeded 2.0 inches on 3 days as

compared to ll days at the Botanic Gardens. Floods along the coast-

land were more often the result of co§etal hydrometeorological events.
Unfortunately, the low moictu}re holding capacity of the sandy soil

at Ebini favoured the existence of droughts. These were more severe

L
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than at the coastland which has a high soil mollture. holding capacity.
All that was necessary was 2 months of dry weather, as in September
and October 1972. SMC 'x:ea'ched 18 percent as compared.to 47 percent-
at Botanict Gardens over the same dry spell. "The second wet season, )
being a month and a half ea.rlier. resulted in an exceptionally dry per-
iod in 1973 SMC decréaud to 20 percent by the_end of Eebruary

L

compared to 60 percent at the Botanic Gardens;  the moisture deficit
was 3.64 inches in February. Bécause root depth is taken to be 5.0 ’
feet, it is possible that trees have ‘acceéss to moisture in deeper layers.

Further research is needed to determine how forests survive the se-

vere droughts. Kramer (1949) x;epo;taed that as SMC is reduced at tl_xé

, upper layers of the soil, the main roots groa-ydownwardl towards higher

"
SMC at a rate of 0.1-2.5 inches per day, until a deptt of 15-30 feet
is reached. - ) ~ 2 ¢ -
P

- .

A

Actual Evapotranepxranon was apptoxtmately 0.87 of the potential

@

rate. EA=0.97 EP in the early half of 1972; from a nedr potentml

rate in July, EA decreased to 0.41 EP in October. In NO\;ember. EA=

EP but by February 1973, EA=A. 3l EP. ' o ‘
T;he annual EA of 1972 was 54. 16 inches when Budyko's drying

curve was .used, and was 53.56 inches by using Thornthwaite's drying

curve. The monthly EA are given below:

EA(BUD)

Thornthwaite's relation overestimated EA in dry months and underesti-
mated EA in wet months, but the monthly discrepancies were very

small. The annual EA was also the same when evapotra;ppiution‘
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was assumed to proceed at the EP rate until wilting point was reached;
- ) "

for EA = EP during the wet monthes, while the total EA over the dry -
season was the same irrespective of the rate at which it was removed.

When the root- depfh was increased to 10 feet in the dry seasons, then °
» ' " ' y

EA was the same in wet months but one to two inches greater in Octo-.

3

ber, January, and February; the annual EA was four inches greater.
Consequently, the rodt depth and the EA-EP relationships had no effect °
on'the wet season water balange, much effects on the forest survival,

some effects on the dry season water balance, and l‘lt}le effect on the

. n

annual water balance. i -
-
5.3. Potenti[Evapotranlpiration at St. Iénatiq- ’ *‘ '
Penman: EP was approximately 5-6 inches in wet @onths and 7-8-

inches in dry months. The Penman's method overestimates EP under ,

A

non-potential evapotranspiration conditions; although incoming solar

¢ ~ s

radiagion remains unchanged, the surface temperature _under non-EP_

ig greater than that under. EP condition, so that Rn is re--

duced an a/(a+y)' is increased. However, since Erad produced theh ‘
same con‘trtﬁut\ion in all ;Sai'tl of the countty during the dry months, o
this disadvmtage ¢of Penman'’s method is removed a;QSt. Ignatius.

.~ The high EP was the result of larg'e contribution from Eady‘which. ‘ .
is seen, in table 5-5, to be 1.2 inches inzwet months and 3.0 inches J
in dry monthu. ‘the ratio Eady/EP being 0.20 and 0. 40 respectively.
The high Eady was the result of high wind run of 200- BS miles per
day &nd large vapour pressure deficit of 11-18 millibars. 'Consequently,
Eady was nealrly 3-4 times the corresponding values in other parts

of the country, and was an important contribution to high EP. The

QR 1 R . v R S
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strong and dry savannahk winds should not be ignored in future agricul-
tural projects utilising( the abundant ground v:rater resources. It is an
importapt cause of high EP and the savannah climate. ‘ )
The daily EP in May showed five distinct cycles. The wet season
variations of daily EP were very great at St. Ignatius and the Botanic

Gardens but not at Ebini. Each disturbance reduced EP to about 0.10

_“i'nch,_ wind run to 70 miles per day, vapour pressure deficit to 4 mb, .

and Eady to 0. 01 inch for 2-3 days. Net radiation increased between
disturbances. EP increased, wind run increased to' 120 miles per day,
vapour pressure deficit incrga.sed:\tolo_ mb. , a.t;d therefore Ea.dy in-
créased to 0.05 inch. In the dry seaso;. intense disturbances were

absent fron'; September to March but 5/6 cycles of EP were still observed.

The period 26 October - 27 Novémber, of unique meteordlogical
-

interest, recorded 1.45 inches of rainfall compared to 14 inch¢s at the

Botanic gardegis'and ~8 inches at Ebini.} It ;narketi the in?t-i; .phase of
the Decond wet season at the ce.as.tal and fores§ regions. Fro‘m figure
5-7a, there‘ is no question but that two intense disturbances passed
over St. Ignatius on 30 October and.Z November sinc:: EP, Eady, wind
run, ;nd vapour pressure defic\:it decreased‘:narkedly. Botl; dimstur'-
barices were responsxble for vory heavy rainfall at Botamc Gardens

and/Ebuu but only very light rau@an ag St. Igna.tms Large cloud for-

_mations passed over the Rupununi Savanndi{s during the middle of the

long dry seasonl\/\‘ o

Five day totals of EP are"ahownﬂ in figure 5-7b and pxonthly totals

in figure 5-7c. . .
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5-7 Potential evapotranspiration at St. Ignatius in 1972

(a) Daily EP
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- Table 5.5 Monthly EP at St. Ignatiue 1972
' ) Jlr|ulaln s |o| N|D |3 | r |wz roray
P ) 1.45](7.91) n3fv.61 |70 7.89 :
EPsemi ; 5.53 T.409( 8.0 7. it 7.4(7.82 -7.49 [ (82.65) (91.96)
EPguy 5.50 1.58| 0. 198 7. 20] 7.53 | 7.94] 759},
Epan 10.25]10.53{9.3818.34}7. 66 307415, 48 [10. 61 [10. 81 Jua.1s han.s2fine.1s has.6s
0.71 Epan | 7.27] 7.47]6.65[5.91|5.44 7.62] 8.12]| 7.54| 7.67 | 7.93] 8.04] 82.40 ] 98. 37
EA- " s.3s 3.97| 1.72] .35} 0.61} 0.15] 0.02
1.26 EQ 6.60](6.%9)) 5.69] 5.9 ] 5.89{ s.03
 Erad 5.50{5.50) 4.79] 4.70] 4.89] 4. 20
Eady 2.49].2.63]2.321.61]2.07 1.95] 2.41] 2.55] 2.97] 3.05] 3.39] 2¢.46 | 30.90
Eady/EP 0. 20| 0.26((0.314 0.35} 0.39 | 0.38] 0.45] (0.30)]
EA/EP 0.53] 0.22] 0.18] 0.08 | 0.02} 0.00
EP/Cpan .1 0.69{{0.69)] 0.69] 0.1 ] 0.1} 0262] o.M} !
T~ EP/EQ La2{si 161 15 1.73] 193] (.59)
EPsemi/EP 1.01f{1.02] 0.98] 0.97] 0.98] 0.99] (1.00)
EPguy/EP 1.02 {1.04% 0.991 0.98] 2.00| 1.00] {2.02)
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Table 5-6 Water balance of St. Igmatius - 1972 ~ ,
. Month J F M A M 3 3 A 3 O N D 1 F Year Tetal
' P 6.66  T.36 6.605.85 5.51 6.32 3.85 7.23 .45 791 T3 .67 Ty T.59 LIS
Rainfall 106 0.20 4.49 7.65 £.79 3.90 10.53 .58 236 0.00 1.04 0.38 0.07 0.0 4%.024.0
R-EP 560 -7.16 -2.11 1.80 4.24 -2.34  4.68 -0.65 -4.89 -T.11 -6.30 2.2y -1.87 -7.59
Accumulated 1729 20,45 -26.56 -2.34 0.65 -5.54 -12.65 -18.95-26.2¢ 34.11 41.70
Storage 0.83  0.74 2.68 6.00 5.9¢ 3.84 . 451 2.71 1.46 1.04 0.87 0.74 .72 0.12
Change 1n 4 17 0.0y 1.94 3.32 -0.06 -2.05 0.63 -1.80 -1.25 -0.42 -0.17 10.12 -0.02 -0.09
Storage . . 2 .
. EA |, .23 ©.29 2.553.69 S5.51 6.05 S.83 570 3.81 1.22 1.21 0.50 0.09| 0.8 37.57 31.66
Deficis . 543 T.0T 4.032.16 0.0 0.29.. 0,02 1.53 3.64 6.6 6.13 T.17 .45 T.59 4418 59.62
’ “Surplos 0.0 0.0 0.0 0:64 4.30 0.0 4.08 2.68 0.0 0.0 0.0 00 0.0 ©.0 IL70 11.70
° . Runoff 0.0 0.0 0.0 0.45 3.14 0.9¢ 3.14 2.82 0.88 0.25 0.08 0.02 0.01 9.0 11.69 11.79
; . |
) /
. U ’
-
- a
.-f - - ) '7 -
’ " Fig. 5-8 Water balance at St. Ignatius from
. Jan. 1972 - Feb. 1973 )
; . . 3
- » S - . Ny e
. - . sensees !' ‘
. . 12 -] 1 . . - LS 7%
- ] Ratntall
87 e T T et e
j |
4

N > [

v Y ~ 3 Aot
'

- SN e, g
J Py N g,

> %,
LA S R

3 v - i3 . -
. . [RRIRY; .
e 0T T L Fa 0T ey

« o o N
e P
LY R



Eady term at St. Ignatius.

Evapotranspirometers: In the Penman formula, Rn and Erad can
) J .
be estimated to within 10 percent at St. Ignatius. However, therr is

a possibility that Eady was much too high or too low, in which case EP
would have haq large errors of 10-20 percent. " The evapotranspirometera'
were expected to give measurements of EP; and the Penman méthod ‘
n;;ust be near to those measurements. However, the evapotranspiro-
meters ;ve,re operated from August - February, which was the long dry
season, and m-ea‘urements exceeded 10 inches per month due to the .
‘oasis’ effect.( Evap;otranspirometer measurements taken by Mc@Gill in
1965 wer*s 5.1-514 inches in wet months and 9-18 inches in'dry months.
The wet season ‘n'leasurements in 1965 were of the sarme magnitude as
wet season c‘omputed EPsemi in wet months of 1972 (5.53inches in May,

and 6.00 inches in July) Thereforé EPsemi or Eady are reli-

able in wet months. ' — f ' -

_Frost (1967) conceded that the evapotranspirometers at St. Igna.ti‘us
read "unduly high during the dry season" Ian:i that readiﬁgé from evapo-
transpirometers have, therefore, to be used with considerable caution. 9
For his water balance, Frost used pan measurements instead of evapo-
transpirometer data. It will be shown later that very high EIE’ errors

in dry seasons make no difference in EA estimates for water balance

studies. However, further research will be necessary to improve the

The uncertainty of EP and EPsemi ‘estimates during‘ the dry season
still remains but can be assessed by compa.nson with the bem data.
In dry months at St Igna.tms. EPK Epan(max)( 11 0 inches and EP>
Erad) 5.0 inches. Therefore monthly EP should be 5-l inches. Since

pan coefficients decreased from 1.0 at the coastland to 0.8l at Ebini,

in
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then the pan coefficient at St. Ignatius J 0.81 and EP < 0.8l Epan(max) ‘ -

< 0.8l x'1l inches £ 8.9 inches. The Penman method with EP = 7.75

e

inches in dry months at St. Ignatius is 'n"ot iar from the real values.

.
)

Q o

Semi-empirical formulae: EPgemi estifnated monthly EP to within

3 percent. Five-day,totafs show good agreement with the Penman
H
method in figure 5 -7b. Table 5-4 illustrates that EPéuy overestimated

EP by 2 percent a.nd was, therefore, just as good as the regional formula.

.

Ny

3 A

Equilibrium Model: In the event ‘of a'large Eady contribution to EP,

the equilibrium model vastly underestimated EP, as verified in table 5-4,

Theoretically the model should not be applied under dry conditions and
cannot’ be used in the Rupununi Savannhas. Mean a varied between

1. 40 and 1. 93, which was far above l. 26. p

Q

©

Class 'A' Pan: Daily mean air temperature at 2 metres was
pt L] *»

usually greater than daily mean pan, surface temperature, resulting in
) " . ‘ ’
air to pan heat transfer. Corrections for this process reduced pan

mean;uzements by 0. 0] inch-in wet season, 0. 02:0. 03 inch in August-
December, and 0.03-0.07 inch in January - March, Corrections often
;eached 0.10 inch in the Janvary - March period, having winds of 200 9
miles per.day or 8 miles‘per hour. However,o such aﬁmean value did
? " ,not reveal the high:vind speedé during gusts, which must be far above
’ ’average daily valdes.” Certainly there must be splashing of waves on :
the sides of the pan with subsequent non-evaporative loss of water;

n but no corrections were made for this. During the long, dry season -

- % 7 o
. ¥ birds, lizards, snakes, and rats probably consumed water from the
. : ‘ : . v




- the sporadic”nature of the savannah rainfall, it was possible that one -

- or two heavy showers missed the raingauge. In spite of the~below
ra B

. rains. By December all available soil moisture was depleted, and
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evapora.tlon pan although a small pond 20 feet away was available to

the thirsty animals. B -

Surprisingly, the llo-month mean pan coefficient, 9.71, fell clos? to
that envisaged by Kohler (1955). Wet months had pan coefficients of
0.72 - 0.80, but dry months had 0.66 -0-7L. . l ‘

<

The water balance at.St. Ignatius: The water balance could only

be evaluated by uamg pan evaporation during the early part of 1972,

since bright sunshine data were absent. Pan evaporation are sorietimes

indispensible. Tlle water balance for the pre-wet season was not re-

liable as com;)ared to the period fiuring and after the wet season. y
Below average rainfall in June 1972 was the most -unusual aspoét . (

of the water bala_mca, as shown in figure 5-8. June, the wettest month

of the year, has a 20-year. average rainfall of 15 inches. Considering

Q -

average rainfall of 1972, the regular wet season swamps were present.
EA pr&éeded close to the EP rate during the wet season, even
in July, and at a reduced rate during the dry seasons. Soil moisture ’

was utilised for evapotranspiration for 2-3 months after the heavy

EA ;0.“0 in February 1973‘.\ The possibillty of survival of forest veg-
etation is negligible, bearing in mind that all available soil moisture
was never totally depleted at’ Ebini or Botanic Gardens.

Since annual EP= 81.75 mches > annual Rainfall = 49.02 inches Y 4
and annual Def1c1t -44 18 mches > annual Surplus = 11.70 inches, then

the Rupununi Savannah is a natural climatic phenomenon The savannahs




j’ a function of soil moisture, while Rouse and Wilson (1972) found that

north of Ebini cannot be a natural climatic’ phenomenm because EP=
s .

62. 89 inches < Rainfall = 83.03 inches while deficrit 2 8.74 inches ¢
.surplus = 29.02 inches.

Month [ J | F|IM|A|M|J | J|A|S|O|N|D|J]|F]1972
EA(THO)II. |o slz 2’3.5'5.4,5.6'5 5]5 3'4 0[17,1.3[0.6'0.2'0.0!37‘.0
.2l0.312.613.715.516.0l5.815.7]3.8l1.211.2]0.5(0.1(0.0(37.6

EA(BUD)

Using Thofnthv(a'ite',s drying curve, EA; was reduced b)y 0.4 inch -
in wet months and increased by 0.2 inch in dry months. The qnnual
total EA-wa; ;nore or less unck%nged‘for. given enough time, all 8soil
y, moisture' is eventually depletedbirr‘eapective of drying curve. If EP < g
in dry' months only were estimated with large: errors grueé.ter than 10
percent, the total annual EA was unchanged’ and the water balance’ was

not afafected, since EA is very small in dry months.

5.4 ' Conclusions . N o

°

The Equilibrium Model can be applied in a saturated atmosphere,
or when the wet bulb depression$ of the overlying air and the surface

have adjusted to one.another. Priestley and Taylor (1972) found that

a “

.EP=a EQ where a =1.26. Davies and Allen (1973) claimed a' to be

the model was less applicable under very wet or very dry’contiitions. o

The results of this study show that the model, in fact, can be applied

o

under very wet conditions' at Botanic Gardens and Ebini provided a <
1. 26.

The model was treated in this study in terms of its’ simplicity and
general application rather than its physical intex:i)retation. This was

because it eliminated the peed of knowing. over a fore[at, the waind run

Pl o
\ - B 0
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and the vapour preuuré deﬁ.cit which were only responsible f(;r an
annual average of 10 and 12 percent of EP at Botanic Gardens and
Ebini, renpectively. The high contribution of Erad towards EP meant
that a knowledge of Erad alone was adequate for estimating EP with
a.ufficie'nt accuracy, whinch increased if Erad and Eady var)" together,
as seen in figure 5-9. In May, the wettest month of 1972 at Botanic
Gardens, figuregb-9 shows that (Qiq)] , wind run and; vapour pressure
deficit all increased and decreased simultaneously. The knovevledge of
wind run and vapour pres;ure deficit were not absolutely essential for
estimating EP within reasonable accuracy. Now °
o -EP
. Erad +Eady
Erad

Ead
ra

=1 +

=] + H{wind run) f(vapour pressure deficit)

f (radiation) '

<

In a tropical humid cl.imate where the actual vapour pressure has
little variation, (Qtq)| determines the dry bulb temperature and,
therefore, the vapour prt;sm;rc deficit. Cous.equently. (Q'Iq).b. and va-
pour.pressure deficit are highly related as illustrated in figure 5-9 so

] ‘
that . ‘ " -

a =~ 1+ constant * f(wind run)

This can be verified from figure 5-2b and figure 5-5b. When wind run

N

= 0.0, thena =1.0, Since the 'constant" was very small, variations

. of a were not very large although wind run varied from 20 to 100

. —_
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. miles per day. As wind run decreased during disturbances, a = 1.10,

but as wind run increased during distprbancea. a =1.25.

Although Erad varied by 90 parcent from the mean monthly value
in May at tht; Botanic Gardens, as shown in.figure 5-9, the daily a
vari;d by ox;ly 10 percent from the mean. Daily a changed from day to
day according to the synoptic situation but was far less variable when
compared to EP, Erad, Eady and-climatological data from which a was
determined. The dotted lines in figure 5-9 are the'lgmits of a (a =1.26
and .a = 1.13) that produced t 5 pe;ce;xt “eri-or'“’whe; EP was estimated
from a - Erad. Using a = 1.19 overestimated EP by 0.0054 inch on a
cloudy day and underestimated EP by 0. 018 i;xch on a sunny day. On
clc;udy days the errors were very small in quantity. éonsequently.
there were only 4 days in May at the Botanic Gardens when EP = 1.19
Erad produced daily errors greater than 0.02 inch. Using different
monthly a coefficients EP can be estimated from Erad with a mean
error of 2 percent. Using a mean annual coefficient of @ = 1.19 through-
out the year can estimate daily EP, five-day EP, and monthly EP with

- mean errors of 8,5, and 1 percent at the Botanic Gardens.

A necessary condition for justifying the use of the equilibrium
model is: that I::ady must be far smaller than Erad, as at the Botanic
Gardens and Ebini. The main reason why the model could not be used’
in the dry savannah climate was that-Fady became nearly as large as
Erad. Eady was still highly related to Erad, figure 5-7a, and a was
still related to wind run. With monthly a varying between 1.40 in wet
nfnths and 1.93 in dry months, the estimatior} of EP from Erad and a
. ) mean a was very unreliable in view of the fact that radiation waalnot '

the only primary contrTbutor to EP.
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; CHAPTER SIX

CONCLUSIONS

The purpose of this study was to find a method of reliably estimating
EP in Guyana over Nay periods, using easily available climatalogical
data.

The regional climatic influences on EP were-found to be: maritime
climatic influences at Botanic Gardens; restricted outgoing longwave
!radiatilon and negligible EP at night due to fogs at Ebini; and strong,
dry winds at St. Ignatius.

The linear relationship between Rn and (Qiq)} was found to have
little variations with changes of climate, surface cover, and seasons.[/
Since albedo and net longwave radiation also had little variations, it
was shown that (Qtq)y can be used to give reliable estimates of Rn
for use in the Penman energy budget method. The regression coeffi-
cientls ‘ between (Q#q)] /Qo and n/N had large month-to-month
variations but, by using the annual regression coefficients, (?)+q);
could be estimi.;ted from bright sux;ohine to within © 6 percent over
5-day periods. Net longwave radiation was not hi‘ghly related to bright
sunshine, or daytime cloud cover, because of the diuxl'nal variations
of climate. R

Synoptic disturbances produce ve—ry large daily changes of EP,
especially in the wet seasons. Monthly EP w(Ere 4.5 to 6.5 inches
from wet to dry seasons; but were 5.5 to 8.0 inches at St. Ignatius.

* The contributions of Eady towards EP were 12 percent, 10 percent, .
and 30 perc;nt at the Botanic Gardens, Ebini, and St. Ignatius respec-

tively; but the contributigns of Erad-were quantitatively the same in

-
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all regions. Consequently, the very high EP at St. Ignatius was a
Jyesult of very high Eady. The strong dry winds have séricus influ-
ences on the uvaqnah clima‘e. EP, and w;tet balance.

The mean a coef!i;:ient wereé 1. 19; 1. 22, and 1.70 at the Botanic
Gardens, Ebini, and St. Ignatius. It was shown to be linearly depen-
dent on wind run. When Eady was n{uch smailer than Erad, as at
Botanic Gardens and Ebini, then the equilibgiui'n model-gave reason-
able eat.imates of 5-day EP but when Eady =~ Erad, as at St. Ignatius,
the model was unreliable. The model is recommended for estimating
EP over the forest region.

The- evapotranspirometers, unfortunately, were unreliable éver 5-
day periods as a result of heavy rainfall in wet seasons ;nd high hea;
advection in dry seasons. Over a short period at the Botanic Gardens
when such conditions were absent, measured EP was sll.ightly higher
than that estimated from Penman formula. Thia‘ suggests that the *

latter gave 'EP to the right order of magnitude.

Pan coefficients were 1.00, 0.8l, and 0.7l at the Botanic Gardens,

Ebini, and St. Ignatius. The coefficient decreased towards dry climate

and dry seasons. The large variation of pan coefficient with climate
suggest that pan evaporation cannot be used in a water balance scheme
since it is difficult to know what the representative pan coefficients
are in places bet;een the three ntatit.mn. However, the pan coefficient
at Botanic Gardens should rema_in the same along the coastland, and
it is recommended for agricultural ulea..

The regional lemi-enipiriFal formulae gave fairly good estimates

of EP and were the best substitute for the unmodified energy balance

formulae. The general t‘ormuia estimated annual EP with no difference

3
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at Botanic Gardens, underestimated EP by 9 percent at Ebini, and

a

overestimated by 2 percent at St. Ignatius.. The error at E‘bini was
reduced to 4 percent by using equation 4-21 to estimate Rnl separately.

Realistic estimates of the water balance were also made, uging

merely climatological data, in.order to determine actual evapotranspi-

1

" ration. EA proceeded at thehpotential rate over most of the year at

Botanic Gardens and Ebini. The annual water balance was the same
for Thornthwaite's.anc_lh Budyko's drying curves. Coastal floods were
found to be the result of coastal hydrometeorological events. The
forest vegetation, in order to survive, must extract moisture from

the deeper soil layers, but the Rupununi vegetation cannot do this since

"annual EP was found to be far above annual rainfall.

This study has shown that EP can be eltimateci with reasonable ac-
curacy over five-day periods, using ordinary climatological data, and
the values so obtained are sufficiently reliable for agricultural and
hydrometeorological uses. Most important, calculations of the witer

balance of Guyana can be undertaken since rainfall and river runoff

‘are known while EP can easily be determined.
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