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Abstract

Six methods of determining regional values of average annual actual
evapotranspiration from a mixed vegetation surface are applied to observations
from 20 cl imatological stati ons in Ma lai n. Th ree of the methods are judged
unsuitable because they either over or under-estimate substantially or do not
exhibit the gradual increase in actual evapotranspiration with increasing rainfall :
these methods are equilibrium evaporation and two others, Brutsaert-Str icker
and Bouchet, based on the complementary evaporation concept Th e
remaining three methods are recommended for use in Ma catchrnent
waterbalance, which is used as a yardstick against which the other methods are
compared, gives values of actual evapotranspiration which vary between 39 and
67% of short grass potential evaporation at the same station; soil moisture
recharge demonstrates the least scatter but suff ers the disadvantage of requiring
independent calibration; the last of the methods, a new empirical approach
expressing actual evapotranspiration as the diff erence between the values of the
constituent energy and aerodynamic terms of the Penman formula for short
grass potential evaporation, gives a countrywide mean 9% lower than that of
the catchment waterbalanct .
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Notation

es

AAE

AAE '

AA R
AA Y

AAY '

AE.

AY. '

E a

E 130

E BS

E D

lJ

E E

E o

E PN

EFr

Ma

Ma

0

Ra

Rij
RL

R s

Ta
U2

Actual vapour pressure
Saturated vapour pressure at air temperature
Ratio of actu al to maximum possible hours of
bright sunshine
Energy excess in the complementary concept
(water equivalent)
Albedo
Average annual actual evaporation estimated from
catchment waterbalance method
Average annual actual evaporation estimated from
soil moisture recharge method
Average annual rainfall
Average annual yield estimated from catchment
waterbalance method
Average annual yield estimated from soil
moisture recharge meth od
Annual value of actual evaporation for year j
estimated from son moisture recharge method
Annual value of yield for year j estimated from
soil moisture recharge method
Actual evapotranspiration
Drying power of the air (water equivalent)
Bouchet actual evapotranspiration
Burtsaert-Stricker actual evapotranspiration
Actual evapotranspiration estimated from Difference
method
Equilibrium evaporation
Monthly potential evaporation for month i and year j
Penman open water evaporation
Potential evapotranspiration
Penman short grass potential evaporat ion
Evaporative power of the air the absence of advection
Priestley-Taylor potential evaporation
Ground heat fl ux (water equivalent )
Number of years
Aerodynamic term of Penman short grass potential
evaporation
Energy term of Penman short grass potential
evaporation
Large scale advection (water equivalent)
Rainfall, precipitat ion
Incoming short- wave radiation at the top of the earth 's
atmosphere (water equivalent)
Monthly rainfall for month i and year j
Outgoing long- wave radiation (water equivalent)
Net radiation (water equivalent)
Incoming short-wave radiation at the surface
Soil moisture recharge
Mean air temperature
Wind speed at a height of two metres

millibar
mill ibar

dimensionless

dimensionless
mm

MM
Min
MTh

IME
MM
mm
mm
IME

dimensionless
mm

mm
M in

mm
M in

mm
mm
mm
mm
mm

-1M S



V Soil moisture storage min
W Groundwater storage mm
Y Yield, i.e. surface runoff mrn
a Empirical constant employed in the Priestley-Taylor dimensionless

potential evaporation formula
7 Psychrometric constant millibar ICI
5 Diff erence dimensionless
A Slope of the saturation - vapour pressure curve at millibar 0

mean air temperature
o Stefan-Boltzman constan t mm da3-1 K4I
£ Sum dimensionless



1.  Introduction

1.1 TOPOGRAPH Y

Mala iii is located at the southern end of one limb of the East African Rift
Valley system which dominates the topography of the count ry. Lake Malasiti,
the third largest lake in Africa, occupies the nor thern two thirds of this
section of the rift (Figure 1.1). The lake is at an altitude of 470 m and
its only outlet , the River Shire, drains southwards to the lower rift valley at
90 m altitude before joining the River Zambezi . In subsequent sect ions of
this report two parts of the rift valley will be mentioned frequently: the region
adjacent to Lake Malaik i is called the 'lakeshore', whilst the region extending
southwards from approximately the River Shire's confl uence with the River
Mwanza is called the 'Lower Shire Valley'.

All rivers in Malai i drain eventually into the River Shire (Fig. 1.1), except
those in the eastern part of the country. Here there is an extensive
catchment area draining into Lake Chilwa, from which there is no outlet, and
a smaller area draining into the lakes and rivers of Mozambique.

The topography of Malai:vi is particularly varied (Figure 1.2) but the country
may be divided into tour major physiographic zones as follows:

a) plateau
b) highland
c) rift valley plains
d) escarpment

Th e plateau is at an altitude of between 900 and 1200 m and features broad
undulat ing plains. The underlying rocks are those of the Precambrian Malalki
Basement Complex. The climate is temperate and the original vegetation is
Brachystegia-Julbem adia woodland. These are the most densely cultivated
regions of the country and little of the original woodland remains. An
importan t featu re of the plateau are the dambos, broad grass-covered swampy
valleys which overlie impervious strata and which become saturated with water
du ring the rainy season; they exhibit a peculiar hydrological behaviour which
sets them apart from all other types of catchment within the country.

Th e highland rises abruptly from the plateau reaching altitudes of between
2100 and 3000 m. The underlying rocks are granites, phyllonites or
syeno-gran ites. The climate is cool and the natural vegetation is forest relics
and open grassland. These areas are now either forest or game reserves,
partly covered with exotic trees.

The plains of the rift valley fl oor are gently sloping and of very low relief.
They extend along par ts of the lakeshore and upper River Shire valley at
levels of less than 600 m and fall to less than 100 m above sea level in the
Lower Shire valley; they are covered mainly by alluvial deposits of the
Quaternary Age. The climate is semi•tropical and the original vegetation is
mixed savannah woodland. In this zone the most favourable sods have been
developed into irrigated rice and sugar schemes.
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1.2 HYDROMETEOROLOGY

The variation in the average annual values of the primary hydrometeorological
variables measured on the ca tchments used in this study is summarized in
Table 1.1. However the rugged topography, range of altitude and the
temperature reservoir of Lake MalaWi ensure that climatic conditions are
complex.

Table 1.1 Range of ave nge annual values  of main
hydmmeteorological variables

Variable Mean Minimum Maximum
(mm) (mm) (mm)

The average annual runoff expressed as a percentage of the average annual
rainfall varies between 4 and 54%. The lower runoff occurs in the drier
par ts of the plateau, where the streams dry up or remain as stagnant pools
for between one and six months every year. Higher runoff occurs in the
highland, where most streams are perennial.

An isohyetal map of mean annual rainfall, prepared by Agnew and Stubbs
(1972), is reproduced in Figure 13 . In most areas the rainy season extends
from November to March, with the maximum intensity occurring in January,
resulting from the general migration of the Inter-Tropical Convergence zone.
Convect ive rainfall over the land normally occurs in the afternoon in the form
of local thunderstorms. However, along the lakeshore, storms are common in
the early morning due to convection over the relatively warmer waters of the
lake. Rainfall is also strongly influenced by orography; the highland and
escarpment directly exposed to the prevailing south-easterly winds receive an
annual rainfall which can be three times tha t of adjacent areas. This eff ect is
part icular ly marked in April, with the nor thwards retreat of the Inter-Tropical
Convergence Zone, when these areas receive their maximum monthly rainfall
while all other areas receive only light showers.

Two other types of rainfall also occur. Firstly, oco sional torrential downpours
are associated with the movement inland of tropical cyclones from the Indian
Ocean . Secondly, infl ow of cool maritime air causes orographic rain, known
locally as 'chiperoni', over south-east facing highland and escarpment; this eff ect
if particularly apparent when contrasted with the otherwise fi ne weather of the
dry season, which extends from May to October.

Tempera ture is closely related to altitude; latitude has much less signifi cance.
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Van der Velden (1980) showed that the mean monthly temperature ranges
from 10 to 16°C in the highland, from 16 to 26°C on the plateau, 20 to
29°C along the lakeshore and 21 to 30°C in the Lower Shire valley. Th e
annual temperature range at stations along the lakeshore is subdued due to
the amelioratim infl uence of Lake Malai i .

13 PREVIOUS EVAPO RATI ON ST UDIES IN MALAIkT

The earliest study was that of Pike (1962) who used the Penman formula to
estimate monthly values of open water evaporation at 23 stations using data
spanning the years 1952-1961. From these results he constructed a map of
Malth a showing isolines of average annual open water evaporat ion in imperial
units.

Th e World Meteorological Organization (1976) undertook a water resources
assessmen t of Lake Ma Initially they examined the waterbalance of the
smaller La ke Chilwa basin; by comparing their estimate of lake evaporation
with adjacent evaporat ion pan records, they were able to transfer their results
to the larger basin and estimate the average annual evaporation from Lake
Malawi as 1610 mm.

Van der Velden (1979) collated the measurements from 38 pan evaporation
stations and found that the value of pan evaporation was closely related to
topography. The average annual pan evaporation ranges from 1500-2000 mm
on the plateau and up to 2000-2200 mm along the lakeshore and in the Shire
Valley; values below 1500 mm are found in areas of high and prolonged
rainfall.

Th e Ma Meteorological Service has derived Penman estimates of both open
water evaporat ion and potential evapotranspiration at 19 stations using data
from 1972-1979 (Dandaula, 1979). Th e open water evaporation estimates are
similar to, but slightly lower than, the pan evaporation estimates but diff er
from the corresponding estimates of open water evaporation obtained by Pike,
mentioned previously. The potential evapotranspiraton estimates range
from1100-1700 mm, depending on altitude.

The study by Smith-Carington (1983) diff ered from the others in that it
examined actual rather than potential evapotranspiration. She estimated that
this variable took a value of 780 mm over the total plateau area of the Bua
catchment (Fig. 1.1) based on a consideration of vegetation types and moistu re
conditions, although there will be large spatial variations depending on
topographic position.

L4 AIM OF PR ESENT ST UDY

The aim of this study is to provide methods for estimating actual
evapotranspirat ion in Ma lai d. In this report justifi cation is provided to support
the applica tion of these methods only under the following restraints:



a) the evaporat ing surface is mixed vegetat ion as described in Section 1.1
(a mixture of cu ltivated fi elds, open grassland, pockets of woodland,
small irrigation schemes etc.); a continuous vegetation sur face, such as a
forest canopy, has not been examined

b) the estimate is of annual values of actual evapotranspiration - although
all the proposed methods use monthly observed data as input (and
several of the methods can provide monthly estimates of actual
evapotranspiration) all the comparisons and supporting evidence
described in this report have been directed towards examining average
annual values

c) the estimate is primarily a regional, rather than a site-specifi c, value of
actual evapotranspiration - although the comparison between the
methods is undertaken using a defi nitive network of climatological
stations, the most reliable method, against which the others are
adjudged, is based on a non-site-specifi c catchment waterbalance .

The majority of previous evaporation studies in Mala* i have been directed
towards estimating open water evaporation and potential evapotranspiration;
actual evapotranspiration  has  not been examined in any depth.

Open water evaporation estimates, derived from either climatological station or
evaporation pan  data,  are used to compute evaporative losses from large
open-water surface s, such as lakes or reservoirs. Potent ial evapotransp iration
estimates are used to dete rmine water  use,  i.e. evapotranspiration, or irrigated
or rainfed crops. Irrigation engineers and agricultural hydrologists have devised
various empirica l methods for relating actual evapotranspiration to potential.
However, because of the moistu re defi cit which builds up in the soil during
the long dry season in Malth i, values of actual evapotranv irat ion of
non-irrigated vegetation will, in practice, be of the order of half those of
potential evapotranspiration in the same region.

It would prove extremely useful to possess reliable methods for estimating
actual estimating actual evapotranspiration directly from observed data. Such
methods could be used to determine:

a) the water use of rainfed and irrigated crops, without the use of
empirical factors

b) the waterbalance of catchments; the diff erence between the rainfall and
actual evapotranspiration, is the sum of the surface runoff and the
recharges to soil moistu re and groundwater storages.



15 METHODS OF ANALYSIS

The study commences with a review of the variation of potential
evapotranspirati on estimated from observations drawn from a network of 20
climatological stations spread throughout the country . This leads to a
classifi cation of the stations according to the respective sizes of the average
annual value of their enerry and aerodynamic terms, constituents of the
Penman formula for estimating short grass potential evaporation.

In the main body of the report, the suitabil ity of six methods of estimating
actual evapotranspiration, for use under the soil-vegetation complex of this
region of Central A frica, is examined. Of these, fi ve are well-established
methods, the last is a new method fi rst proposed in this study.

The fi rst method is a simplifi ed catchment waterbalance applied to rainfall and
runoff data from 38 catchments in Ma latli (Drayton  a at ,  1980). Neglecting
annual changes in groundwater and soil moisture storage enables average
annual actual evapotranspiration to be expressed in terms of the average
annual rainfall. The second method introduces the concept to soil moisture
recharge (Thornthwaite, 1948), which is applied to monthly rainfal l data and
potential evapotranspiration; the value of soil moisture recharge is found ideally
from an independent fi eld survey.

The remaining four methods determine actual evapotranspiration directly from
climatological data, expressing it in tenns of the constituent energy and
aerodynamic terms of the Penman formula for short grass potential
evaporation; one of the methods also requires values of the outgoing
long-wave radiation. One of these methods is that of equilibrium evaporation
(Denmead and McBroy, 1970); the other three are based on the concept of
complementary evaporation, and include the methods of Bouchet (1963),
Brutsaert and Sni cker (1979), and the new so-called Difference method.

Values of average annual actual evapotranspiration were determined using each
of the six methods for data observed at the 20 climatological stations.
Accuracy of al l methods  was  at teved by comparing their results with those of
the catchment waterbalance, which was considered the most reliable.
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2. Rainfall and potential evaporation

"th is section will examine the variability of rainfall and potential evaporation
throughout the country, prior to investigating the diff erent meth ods of
estimating actual evaporation in the main body of the report.

1 1 CLIMATOLOGICAL STATI ONS

The basic records used in this study to estimate evaporation are drawn from
observations, established by the Ma 10 4 Meteorological Service, which are
situated throughout the country (Figure 2.1) at altitudes ranging from 58 m at
Makhanga to 1633 m at Dedza (Figure 2.2). The latitude, longitude and
altitude listed in Table 2.1 are provided by the Meteorological Service . In his
study on pan evaporation in Ma Jai l , Van der Velden (1979) lists the same
statistics; these show slight diff erences in latitude and longitude and larger
diff erences in some of the alti tudes. As lati tude and altitude form an
important input to the calculation of potential evaporation, these discrepancies
should be resolved in future to improve the accuracy of the estimates.

Six of the stations lie close to the shore of Lake Ma lain and together with
two further stations, Ngabur and Makhanga located in the Lower Shire Valley,
form the group of stations described as in the 'rift Valley'. The remaining 12
stations, all at higher altitudes, form the group of stations on 'upland ' areas.

2.2 ESTIMATING POTENTIAL EVAPO RATION

Potent ial evaporation (Ep) was estimated by the well-known Penman formula:

A 7E = f ( U2) (es- e) (2.1)
P A + 7 Rn A + 7

All symbols are explained in the Notation at the beginning of the report.

In this study the semi-empirical formula for the estimation of net radiation
(Rn) is used. This has been applied by de Bruin and Stewart (1983); they, in
turn, adopted it from Doorenbos and Pruitt (1977) who proposed a
relationship between sunshine hours and solar radiation suitable for tropical
latitudes. It reads:

Rn = R3(1 - r) (0.25 + 05 0 11N - GT: (0.1 + 0.9 11N) (0.34 - 0A4 fi ) (2.2)

To estimate Penman shor t grass potential evaporation (Ep = EpN) the albedo
r was set equal to 02 5. To estimate Penman open water evaporation (Ep =
E) the albedo was set to 0.05.

The wind function f(U2) is the same as that applied by Brutsaert and Stricker
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Table 2 1 Climatological stations (mconb published try Malagi
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(1979) in one of their versions of the Penman formula. Expressed in units of
W ni 2 mIc t the exact expression used was:

f(U2) = 7.4 (1.0 + 054 U2)

where U 2 is the wind speed (m s'1) at a
wind run over 24 hours was used,
incorporating the ratio between day and
substitution in Equation 2.1 the units of
mb1 to make them compatible with the
water equivalent.

(2.3)

height of 2 m. The monthly mean
with no additional modifi cation
night-time wind speeds. Before

f(U2) were convert ed to mm day-1
net radiation term expressed as a

Appendix 1 contains in greater detail the practical background to the
calculation of potential evaporation for Ma !A i; it discusses how certain minor
variable were cal culated, anomalies discovered and corrections made to the
data before processing.

The four types of basic data required for using Penman's formula are
temperature, humidity, wind run and sunshine hours. Monthly mean
climatological data of this form, together with rainfall, are published by the
Mal t i Meteorological Service (1970-1978). When this study began there were
nine years of records (1970-1978) for al l stations except Ngabu which had
records for six years (1973-1978) and Dwangwa which had records only for
1973 and 1979 and which was subsequently closed.

Monthly values of EpN and Eo were estimated by Equation 2.1 using the
appropriate value of albedo. Average annual values of R. EF,N  and ED,
calculated over the nine years of record, are listed in Table 2.2 Average
monthly values of the same variables for each of the 20 stations are given in
Appendbc 2. Variations in average annual values of rainfall and potential
evaporation, and also the energy term and aerodynamic term are shown in
Appendix 3.

23 VA RIA 11ONS IN RA INFALL

Average annual values of rainfal l (R) taken from Table 2.2 are also shown in
Figure A3.1. For upland stations R varies without major inconsistencies
from a low of 898 mm at Lilongwe to 1544 mm at Mimosa. Amongst rift
val ley stations low values are recorded to the south of the lake, the lowest
value being 722 mm at Makhanga. In contrast, along the western lakeshore,
rainfall demonstrates considerable variation, ranging from 1147 mm at Karonga
to 1759 mm at Nkhota Kota, but without any smooth progression from north
to south.

The coeff icients of variation listed in Table 2.2 should provide a measure of
the variation of the annual values of rainfall at each station; in general,
rainfall varied considerably from year to year. Fig. A3.2 shows that these
coeffi cients are consistent both for the two stations located in the Lower Shi re
Valley and for al l the upland stations except Chitedze and Chileka which have
low and high values respectively. Along the lakeshore Nkhota Kota and
Nkhata Bay, which have the highest values of average annual rainfal l, show

12



Table 2 2 Average annual values of rainfall g Penman short grass
potential evaporation Elw and Penman open water
evaporation  E0

• Rift Valley Stations - Lakesho re

6* Rift Valley Stations - l a wer Shire Valley

Others are Upland Sta tions

year-to-year variation similar to that  of  upland stations. However lakeshore
stations with lower rainfall show much higher year-to-year variation.

2.4 VARIAT IONS IN POTEN TIAL EVAPO RAT ION

The spatial variation over Malai i  of  average annual values  of  evaporation
estimates, (Epa and Eo) taken from Table 2.2 are shown in Figures A33 and
A3 .4. In gene ral higher values  of  Penman short grass po tential evaporation,

13



(EpN) are recorded along the rift valley fl oor with a maximum of 1840 mm at
Ngah u; lower values are found on the upland areas, with a minimum of
1316 mm at Mzuzu. Exceptions to these general trends are lower values of
1618 and 1534 mm at Dwangwa and Nkhata Bay, and higher values of 1769
and 1816 mm at Chitipa and Chileka.

Since the formula for Penman open water evaporation (E0) and that for EpN
diff er only to the extent of the value of the albedo chosen, their values show
a similar pattern of spatial variability, but with maximum and minimum
estimated values for Eo of 2297 mm at Karonga and 1710 mm at Mzuzu.
Values of En i expressed  as  a fraction of the corresponding value of Es for
each climatological station vary between 76 and 81%; because of this small
range, some of the comments made in subsequent sections about properties of
E pN will also hold for Es. However, to avoid considerable repetition,
comments will be confi ned to Ep H in the remainder of this report and the
reader, armed with corresponding values of Elm and Es in either Table 2.2 or
Appendix 2, is encouraged to deduce the similar relationships for Es.

The small coeffi cients of variation listed in Table 22 indicate that there  is
very little change from year to year in annual values of E pN and Es. Chitipa
station is notable in possessing particularly low variation, which may be a
symptom of a very stable climate.

25 TH E CONSTIT UE NT ENERGY AND AERODYNAMIC
TE RMS

To look more closely at the variability of the Penman short grass potential
evaporation estimate (EpN) it is useful to break it down into its constituent
components:

FPN  a Me + Ma

where M . the energy term, is defi ned  as:

M -  e

and Ma, the

Rn
4. 7

aerodynamic term, is defi ned as:

7
M -  f (U, ) (e - e) (2.6)a A + 7 5

For each climatological station, average annual values of Ms and Ma are listed
in Table 23 (see also Figures A3.5 and A3.6); average monthly values are
given in Appendix 2. Th e mean average annual values of Ma and Ma for
the two main groups of stations are given in Table 2.4.

Examination of the spat ial variation of Ms showed that all the higher values
were found at rift valley stations; for this group the range is small, 1250 to
1291 mm, and there is no discernible difference in values between lakeshore
and Lower Shire Valley stations. The mean value of Ma for upland areas is
11% less than that of the rift valley (Table 2.4), and individual values exhibit
rather more spatial variation ranging from 1075 to 1170 mm. The coeffi cients

14
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Table 2 3 A va uge annual vahres of the anew ta m Me and
aemdynamic ta m Ma constituents of the Penman short
grass potential evaporation E n !

Table 2 4 Mean average annual va ses of energy terrn Me and
aemdynamic ta rn Ma for the two gmups of
climatological stations

Term
Rift valley sta tions Upland area sta tions

Mean Mean
(mm) (mm)

Energy ter m (M? 1267 1123
Aerodynamic term (Ma) 482 403
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of variation in Table 23 demonstrate that there is extremely little change from
year to year in Mc at all stations, with the least variation being shown by
Karonga and Chitipa.

Values of the aerodynamic term (Ma) are considerably smaller than those
found for the energy term (Me) varying from 19 to 55% of the corresponding
value. Despite these lower absolute values they exhibit greater spatial
variation, ranging from 2138 to 646 mm. Although the mean value of Ma for
the group of upland area stations is 16% less than that for the Rift Valley
stations (T able 2.4), the distinction is not so clear-cut as was found for Me
previously; not all values of Ma in the rift valley exceed those on upland
areas. Values of Ma appear to ioe depressed below 300 mm in the two areas
centred respectively on Th yolo-Mimosa and Nkhata Bay-Mzuzu, with a least
value of 208 mm estimated for Mzuzu; these areas exhibit for major part of
the year a moist climate suitable for tea cultivation. On the oth er hand the
highest values of Ma occur at Chitipa (599 nun) and Chileka (646 mm), both
of which are located on the leeward side of high ground, so a possible
explanation is warm th y air descending over the stations. Table 23 shows
that the coeffi cients of variation for Ma are several times larger than those for
Me' although their mean values are much smaller, as noted previously; this
implies that changes in Mc and Ma both contribute substan tially to the
year-to-year var iation in Ept4. Chitipa station is again noteworthy for its
extremely low coeffi cient of variation, whilst high values at Dwangwa and
Chichiri led to further checks on the basic climatological data; that at
Dwangwa arises from a genuine large change in vapour pressure defi cit
between the two years of data, whilst that at Chichiri cast doubts on the
homogeneity of the wind records at this station.

1 6 CLASSIFICATION OF CLIMATOLOGICAL STATIONS

An altern ative way of high ligh ting these variation s in energy and aero dynamic
terms, for each of the 20 climatological stations, is shown in Figure 23 .
Th e plotted points appear to lie in a number of distinct groups and these
diff erences may be used to draw up a classifi cat ion with stations within each
class having similar values of Mc and also Ma (Table 2.5). The name
'regions' cannot be used, as points within a par ticular class are not necessarily
contiguous. Whilst a acges 1 to 3 are distinct, the border between a atces 4
and 5 is blurred and a subjective decision was made to include Bvumbwe and
Mzimba in Class 4 rather than Class 5, based on their values of Ma• This
classifi cation will be used later in the soil moisture recharge chapter to
distinguish the climat ic propert ies of diff erent stations.
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Table 2 5 Mean average annual values of energy ta m Me and
aerodynamic term Ma arisbw f rom classifi cation of
climatological stations

Cl ass No Climatological Me Ma

stations in class Mean Mean
(mm) (mm)
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R gure 2 3 Plot of aerodynamic term Ma versus energy term Me of
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climatological station s



3 Catchment waterbalance

3.1 SI M PLI FI ED WAT'ERBALANCE

The waterbalance of a catchment over given period may be expressed in terms
of the main variables as:

ER  n  EY + 5 V + 6W (3.1)

where R is rainfall
Y is yield i.e. surface runoff
E is actual evaporat ion
V is soil moisture storage
W is groundwater storage

and E and 5 represent sum and diff erence respectively.

Although the changes in soil moisture and groundwater storage in Malai i
during a typical year may be substantial, it is suggested that the changes from
one year to the next are small. Regarding soil moisture storage, towards the
end of the th y season after several months with little rainfall, the vegetat ion
will have increasing diffi culty in abstracting available water, and soil moisture
defi cits will tend asymptotically towards an upper limit. Regarding groundwater
storage, Smith-Carington and Chilton (1983) found that, for boreholes with the
longest and most frequent records, there was no evidence of declining water
levels over the period 1971-1981 in either the weathered basement or alluvial
aquifers. Th erefore, provided the period for the waterbalance calculation is
chosen to be the 12 months commencing at the start of the rainy season and
fi nishing at the end of the long dry season, and provided that a minimum of
five years' records are used, the terms involving soil moisture and groundwater
storage may be safely neglected. In this case the waterbalance may be
expressed in the following simplifi ed form:

AAR = AA Y + ?OLE (3.2)

Where AA R is average annual rainfall
AA Y is average annual yield
AA E is average annual actual evaporation.

Average annual yield is the average annual runoff volume expressed as a
depth in millimetres per year over the catchment.

3.2 AC TUAL EVAPORATI ON ES TIMATE D FROM
CATCH MEN T RECO RDS

As par t of their regional analysis of river floods and low fl ows, Drayton et at
(1980) examined the relationship between annual yield and rainfall for 47
ca tchments distributed throughout Malal i. Annual values of ca tchment yield
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were calculated by summing the dail y discharge data over the period 1
November to 31 October, which for Ma lafvi nuts from the start of the rainy
season until the end of the following dry season. To estimate catchment
annual rainfal l a number of raingauges, normally two or three, were chosen on
or near the selected catchment. Annual rainfall totals at these gauges for the
same period as that above were weighted and combined using the Thiessen
polygon method. Where either yield or rainfall data were missing for a
particular year, this year was rejected, and some catchments were rejected
entirely because there were no suitable raingauges. Further details of these
analyses are given in Hil l and Kidd (1980).

For the remaining 38 river gauging stations, catchment averages of annual
rainfal l and yield are listed in Table 3.1. Although for any given catchment
the same years were used to determine the average values of rainfall and
yield, it did not prove feasible to select a single period that was common to
all the catchments. Therefore values listed in Table 3.1 should not be looked
upon as forming long-term averages over a standardized period, for example
three decades, that is often used as a common basis for rainfal l records.
Rather they should be regarded as preliminary estimates, which can be refi ned
when longer records become available, of the magnitude of these hydrological
variables in this part of Central Africa.

The values of rainfal l and yield in Table 3.1 may be substituted into the
simplified waterbalance, Equation 3.2, to provide, from their difference,
estimates of catchment average annual actual evaporation, AAE. These
values, also listed in Table 3 1, are superimposed on a map of MalaWi in
Figure 3.1, where they are located approximately at the centroid of the
contributing catchment upstream of the river gauging station. Although there
is a smooth progression between the majority of neighbouring estimates of
actual evaporation, some anomalies are apparent where individual values diff er
substantially from those surrounding them. Values of 1077 and 1112 mm at
station Nos 2.0.8 and 14.C4. can be explained by the location of these
catchments on the summit plateaux of inselbergs rising hundreds of metres
above the surrounding plains. Variation of altitude between adjoining
catchments may also explain the low estimate of 672 mm for station 2.1322.
However it is more diffi cult to provide a physical reason for the low value of
572 mm at station No. 15.A .8 and high values of 950 and 912 mm at station
Nos. 7.E.2. and 7.F2 . respectively; a more likely reason is inaccuracies in the
basic data, such as leakage of discharge past the river gauging station, paucity
of raingauges leading to a poor estimate of catchment rainfal l, or a wrong
estimate of catchment area.

Inspection of Table 3.1 shows that in general values of actual evaporation vary
between 572 and 1112 mm but the majority lie within the range 650 to
950 mm. The coeffi cient of variation of values from all the 38 catchments is
16%. In contrast values of rainfal l lie approximately within the range 700
to 2100 mm, with a coeffi cient of variation of 28%, whilst values of yield lie
approximately within the range 40 to 1000 mm, with a coeffi cient of variation
of 80%. Consequently it may be deduced that, of the three hydrological
variables under consideration, actual evaporation demonstrates the least
variation throughout Mala* i.
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Table 3.1 Recorded catchma u average annual rainfall AAR and
yield A AY; with actual evaporation AAE estbnated from
their diff erence (Aft er Drayton et al., 1980)
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33 YA RDSTI CK EQUATIONS FOR CALCULA TIN G YI ELD
AND A C TUAL EVAPORATION

Drayton  et at  (1980) examined the relationship between yield (AA Y) and
rainfall (AA R) for the 38 catchments listed in Table 3.1. A plot of AA Y
against AA R is shown in Figure 3.2; a regression through these points yielded
the following expression:

with a correlat ion coeffi cient of R = 0.93 and a standard error of estimate of
90 mm.

AAY = 0.71 AA R - 490

0 200 40 0 60 0 K O IW O 120 0 1400 loco ieco 2cry.) 2200
AA R [ rem]

Figure 3.2 Relationship between average annual yield AAY (mm) and
rainfall AAR (mm) for 38 catchments in Makth i (aft er
Drayton et aL, 1980)

By substituting Equation 33 into the simplifi ed waterbalance Equation 3.2 and
rearranging, the average annual actual evaporation (AA E) may be expressed in
terms of the average annual rainfal l (AA R) as:

AA E = 02 9 AA R + 490 (3.4)

Because the deviation of an AAY value from the regression line (33) is
refl ected in an equal, but opposite, deviation of the corresponding AAE value
from the regression line (3.4), it can be demonstrated that Equation 3.4
retains the same standard error of estimate (90 mm) as Equation 3.3, but the
correlation coeffi cient is reduced to 0.72. Equation 3.4 shows that actual
evaporation increases slightly with increasing rainfall. The expression is valid
only within the rainfal l range to 2100 mm, but Drayton  et al.  (1980) point
out that it should be used with caution for rainfal l of below 800 mm.
Equations 33 and 3.4 are used in Figure 33 to demonstrate how average
annual actual evaporation, yield and rainfal l vary with increasing average annual
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rainfall; this format emphasizes that, for any given rainfall, the sum of the
yield and actual evaporation is equal to the rainfall.
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Fiv u e 3.3 Relationship between actual a upom li on, yiekl and rainfi z11
f rom catchment waterbalance

Because of the high number of catchments examined and the wide range of
average annual rainfall sampled, it is considered that the relationships shown in
Fig. 33 provide, at present , the most reliable method, amongst those
considered in this report, of estimating actual evaporation and yield given a
knowledge of the rainfall at the location under considerat ion. Th ey will be
used as a yardstick against which other methods of estimating actual
evaporation will be compared.

3.4 EXTRAPO LA TION OUTSI DE RANGE OF OBSERVE D
RA INFA LL

Because the relationships shown in Fig. 33 are valid only for a limited range
of average annual rainfall, it is worthwhile to speculate what form they might
take outside this range (Figure 3.4). At rainfalls lower than 700 mm it is
moist for much of the year. As the rainfall continues to increase the actual
evaporation will approach the potential evaporation, which itself has an upper
limit governed by the intensity of net radiation (Re) occurring at the
evaporating surface (de Bruin, 1983). Estimated average annual values of Re
are listed in Section 5.3; for upland area stations it will be noted that this
limit is approximately 1600 mm, whilst for rift valley stations it is 120 mm
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Figure 3.4 Possible variation in average annual actual evaporation
and yield outside the range of observed rainfi ill vahmn

higher. At higher rainfalls still it is thought that actual evaporation will not
increase at the same rate as the increase of rainfall, and their relationships
will thus run parallel at their upper ends, as shown in Fig. 3.4

35 AC TUAL EVAPORATION ESTI MATED FO R
CLIMATOL OGICAL STATIONS

Equat ion 3.4 may be used to estimate actual evaporation for a ca tchment
located anywhere in Ma ladri where the average annual rainfall is known. In
the extreme case where the catchment area tends to zero it will be assumed
that the expression may also be used for estimates at a point, though possibly
with less reliability. In particular, Table 32 lists the values given by this
expression in estimating average annual actual evaporation (AAE) at the 20
standard climatological stations. In this table the values listed of average
annual rainfall (AA R) are taken equal to the corresponding values of R listed
in Table 2.2. Table 3.2 also lists the values of average annual yield (AAY)
obtained by using Equation 3.3. Values are AAE and AAY found for
Makhanga station should be used with care since AA R is less than 800 mm
for this station.
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Table 3.2 Average annual yield AAY and actual evv onzlion AAE
estimated pom avenzge annual rainfall AAR recorded at
climatological stations
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3.6 RATIO OF AC TUAL TO POTENTIAL
EVAPOT RANSPIRATION

It is now feasible to make a preliminary survey of how much lower actual
evapotranspiration is than potential evapotranspiration throughout the country.
Values of actu al evaporation (AAE) from Table 3.2 were expressed as a
fraction of Penman short grass potential evaporation (R .N) from Table 2.2.—r
These fractions, listed in Table 3.3, range from a minimum of 39% at
Makh anga to a maximum of 67% at Mimosa, with a countrywide mean value
of 51.4%. Th e variation of this fraction throughout the country is shown in
Figure 35 .

Table 3.3 A ctual evaporation, AAE, estimated from catchment
waterbalance, t r essed as a fraction of Penman short
grass potential evap oration, EPN

26

Climatological AA E Cli matological AA E
Station EPpi (%) Station EPN (%)

Byumbwe 57.0 Makoka 519
Chichir i 54.3 Mangochi 40.9
Chileka 41.5 Minx tsa 66.8
Chitedze 49.7 Mzinth a 50.1
Chitipa 43.3 Mzuzu 63.3
Dedza 51.8 Ngabu 40.2
Dwangwa 53.0 Nkhata Bay 64.9
Karonga 44.9 Nkhota Kota 56.9
Lilongwe 473 Salima 49.8
Makhanga 39.2 Thyolo 59.3

Countrywide mean 51.4
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4. Soil moisture recharge

4.1 CONCE PT OF SOIL MOISTURE RECHARGE

To examine the annual waterbalance at a location where concurrent records of
rainfal l and potential evaporation exist, Thornthwaite (1948) introduced the
concept of soil moisture recharge. This concept is par ticularly appropriate in
climates, such as that in Ma 'A i, where there is a single defi nitive annual
rainy season separated from the following year 's rainy season by a long dry
season. Sutcliffe  et al.  (1981) employed this concept in their study of the
Betwa River basin, a tributary of the Jamna, draining from the Deccan Plateau
in central India The following description is adopted from their paper, with
minor modifications to suit Ma laiii i conditions:

400

The annual waterbalance may be simplifi ed by considering the seasonal
cycle as a single period of water surplus during the rainy season and a
single period of water defi cit during the remainder of the year. During
the rainy season period, monthly rainfall is greater than monthly
potential evaporation for between two and six successive months,
whereas during the rest of the year potential evaporation exceeds
rainfal l except in the occasional month. For a typical year
Figure 4.1 shows the period of surplus of excess of rainfal l over
evaporation, and the subsequent period of defi cit

Soi l moist u r e
r ec har ge

300

1 .E 1 1
200 Poten t ia l '

1 —

ev a prc z t ion
I I
I- r _i
C. I Wat erta I
0 1 00  1 def ic it

__.•

A

0

J J A S O N D J F M A M
Mont h

Figure 4.1 Schematic diagram of annual waterbalance cycle (aft er
Sutchff e et al., 1981)
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The soil moistu re recharge may be superimposed on this diagram,
which then shows, to use the terminolon of Thornthwaite (1948), a
period of soil mo isture recharge followed by a period of water surplus
and then, after the end of the rainy season , a period of soil moisture
utilization followed by a period of water defi cit. Th is surplus supp lies
groundwater recharge as well as surface runoff. Th e soil moisture
recharge clearly must equal the soil moisture utiliza tion. Because the
soil moisture sto rage is generally full at the end of the rainy season
and always reaches wilting poin t during the chy season, the annual
recharge will bring the sto rage from wilting point to fi eld capacity
thr oughout the rooting depth; this diff erence is de fi ned as the 'roo t
constant '. Th e soil mo isture recharge should be reasonably constan t
from  year to year in  the absence of land-use change and may be
considered as a fi rst charge on the net rainfall, the surplus of rainfall
over evaporation.

Fur thermore, brief periods of drough t du ring the rainy seaso n and most
periods of rain during the rest of the year, do no t aff ect th is cycle.
The soil moisture defi cit during dry periods in the rainy season will not
approach wilting poin t, and the occasional rainfall surplus during April
or May will not normally be suffi cient to eliminate the soil moisture
defi cit. Th us, the ne t rainfall, or gross seasonal surplus, can be
deduced by subtracting mo nthly potential evapo ration from the monthly
rainfall whenever the rainfall is the larger , and add ing these mo nthly
diff erences to give the net rainfall for the year .

Assuming th at diff erences in grou ndwater sto rage betwee n successive years are
small in comparison with the annual groundwater recharge, the annual yield,
which is the sum of sur face and groundwater fl ows at the ou tle t of  a
catchm ent,  is equal to the net rainfall less soil moisture recharge. Actual
evaporation is assu med to equal potential evaporat ion during those months in
which rainfall exceeds po tential evaporat ion; during the remaining mo nths
actual evaporation is restricted by what moisture is available, an d equals the
sum of bo th the monthly values of rainfall toge ther with the so il mo istu re
utiliza tion. Th e annual tota l of actual evaporation is thus estimated by
sub tracting the net from the gross rainfall and adding the total soil moisture
utilizat ion (which itself is equivalent to the soil moisture recharge).

4.2 ESTIM ATION OF ACIU AL EVAPORATION AND YIELD

l 'his verbal argument may be expressed algebraically by considering concurrent
series of mo nthly rainfall and potential evapo ration values spanning a period of
K years. Let R1 E1 represent the monthly rainfall, and Eij the monthly

.potential evaporation,

where i = 1, 2, 3.  12 deno tes months

and j = 1, 2, 3,  K denotes years.

Then, for any one particular month, the least of the two individual values of
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rainfall and potential evaporation will be represented by min (Ru, Ed where:

min (Rw Eu) = Ru if Ru cEu (4.1)

or = E. if rtij >Eu

Th e annual rainfall during year j is given by

rainfall over the

will be denoted

representa tion of

F whilst the average annual
1. 1 1 E 1;

complete period of record is given by R. L E R , which
jni  ler

in abbreviated form by E R . Similarly the abbreviated

the average annual values of potential evaporation Eu and

minimu m min(Rw Ei) are given by E Ei; and Emin(Ru. Eu) respect ively.

Let S denote the annual value of the soil moisture recharge which will be
at cumed constant from year to year for any given locat ion; this value will also
be equivalent to the soil moisture u tilization. The average annual actual
evaporation determined by the soil moisture recharge method will be denoted
by AA E ' where:

AA E ' = Z min ( Ru, Eu ) +  S (4.2)

and the average annual yield, denoted by AAY', as:

AA Y ' = X Ru - E min ( Rg, Ei) - s (43 )

43 COMPARISO N WITH TH E CATCHMENT
WATERBALANCE ME THOD

From general soil physical properties the value of soil moisture recharge (S)
would be expected to lie within the range 50 to 250 mm for the soil and
vegetation types encountered in Mala(ki (J.P. Bell, personal communication).
Since there is, at present, no independent estimate of S available, two methods
of  estimating average annual actual evaporation, namely those  of  the catchment
waterbalance and the soil moistu re recharge, were compared to obtain an
empirical estimate  of S  for loca tions in Mala* i.

The compar ison was made using records from the 20 climatological stations
descr ibed in Section 2.1. At the majority of these stations monthly rainfall
and potential evaporation data were available for 1970-1978; annual totals were
obtained by summation over the period 1 January to 31 December. For
individual year s a more accurate estimate of the soil moisture recharge would
be obtained by using the period 1 November to 31 October - the start of the
rainy season to the end of the dry season. However, to estimate a mean
value of S over the nine year-record, it was considered that this refi nement
could be safely neglected.

First, to initiate the soil moistu re recharge method, monthly values of the
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Penman estimate of short-grass po tential evaporation (Epa ) were substituted for
the Eij values at each sta tion. Average annual values  of Er t l are listed in

Table 21 . Next, for each of the sta tions, Ftij and min (Ai., ) were1 1
calculated. The former is exactly equivalent to the average annual rainfall
(AA R) listed in Table 32 ; the latte r is listed in Table 4.1 and diff ers.

Table 4.1 Individual station values of various vari ables arising from
the soil moisture recharge method
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according to Equation 4.2, from the average actual evaporation (AAE ' ) by the
unknown value of S. Full deta ils of a worked example of these calculations
for a typical station are given in Appendix 4.

The second method of estimating AAE is the catchment waterbalance
descri bed previously in Section 3. Table 3.2 lists the values of AAE
corresponding to the relevant values of AA R for each station. If it is
assumed that the two estimates, AA E • and AA E, are equal, then it follows
from Equation 42 that an estimate of the annual soil moisture recharge (S) is
given for each station by:

S = AA E  - I  min (Ro, E11) (4.4)

Values of this diff erence are listed in Table 4.1. Exactly the same estimates
of S may be obtained by assuming that the two estimates of average annual
yield, AA Y and AA Y ' , calculated by the respective methods, are equal. In
this case:

S = I 1 min (Ro, E0) AAY (45 )

with values of E R1. - E  min (Ro. Ed listed in Table 4.1 and AAY listed
Table 3.2.

4.4 SOIL MOIS TURE RECHA RGE VARIAT IONS

Estimates of so il moistu re recharge obtained form Equation 4.4 vary between
34 and 209 mm with a mean value, rounded to the nearest 5 mm, of
120 mm. All values except three lie within the expected range suggested
earlier. Comparison may also be made with the value of 175 mm deduced
for the Betwa basin in India by Sutcliff e  et at  (1981). Figure 4.2
illustra tes the spat ial variation of S th roughout Malal ti. Using the
climatological classes defi ned in Section 2.6 this variat ion is summarized as:

Class No Mean value of S for class
(mm)

1 113
2 133
3 114
4 152
5 61

If the values of S for the rift valley stations (class Nos. 1 and 2) are plotted
against average annual rainfall (AAR), as in Figure 43 , a weak relation giving
an increase in S for increasing AA R results, i.e.,

S = 0.129 AA R - 40 (4.6)
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Figure 4.3 Variation of annual soil moisture mcharge with changes
in average annual rainfi 2ll (a) rift valley stations (b)
upland ama stations

On the other hand, if values of S for the stations on upland areas in the
remaining th ree classes are similarly plotted against AA R, a weak relation
giving a decrease in S for increasing AAR results, i.e.,

S = -0.215 AA Ft + 354 (4.7)

One possible explanation of this observation is that , for the upland area
stations, higher rainfall totals are caused partly by a longer rainy season (van
der Velden, 1979) and, because of the consequent shorter th y season, soil
moisture defi cits are unable to develop to their ful lest W ent. In the rift
valley along the lakeshore, on the other hand, higher rainfal l totals are not
nece ssar ily accompanied by longer rainy seasons due to the climatic infl uence
of the lake itself.

From the evidence presented above it is diffi cult to establish whether the
variations in estimated values of S are genuine or arise from inadequacies in
either the soil moisture recharge concept or the ca tchment waterbalance results.
One par ticular inadequate aspect of the soil moisture recharge concept is
addressed in the next section. Certainly the re were few, if any, catchments
included in the waterbalance records which represent only the rift valley as
opposed to the escarpment areas draining down into it. To make this clear,
an independent fi eld survey to establish the moisture holding capacities of the
soils throughout Mala94 under diff erent vegetative covers is required.



43 CONCE PT MODIFICATION AT LOW RAINFALL
ID CATIONS

Another explanation for some of the lowes t values found for S is that the
soil moistu re rechar ge concept described above may break down for cer tain
stations with low values of net rainfall. Th e formula

AAE ' = I min ( l t Eti) + S (4.8)

is valid only if the net rainfall, given by E Itii - E min (Rif E11), exceeds the
annual soil mo isture recharge S. Where the net rainfall is la g than S it is

no t normally possible to complete ly recharge the soil during the rainy season.
In this case, the amoun t of moisture available in the soil at the end of the
rainy season is equal to the net rainfall and not the value of soil moisture
recharge proposed in the or iginal concept. For such locations, therefore,

AA E ' is found from an alternative expression to Equ ation 4.8, namely:

AA E ' = [ E min (R,j, E)]  4. [Du - I mth E01

= I R

4.6 COUNT RYWIDE ME AN VALUE OF SOIL MOIST UR E
RECHARGE

12

min (111, + S
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(4.9)

(4.10)

i.e. equal to the average annual rainfall itself although, in practice , this value
would be slightly reduced due to minor losses to surface runoff and
groundwater recharge.

The three lowest values of net rainfall from the 20 sta tions listed in Table 4.1
are 62 mm (Makh anga), 176 mm (Ngabu) and 197 mm (Mangochi) . Since
the value for Makh anga is well below the mean value of 113 mm fou nd for

S in climatological class No. 1 (see Section 4.4), it is likely that the the
original recharge concept is not valid for this station and in most years the
soil moisture will remain in defi cit throughout the rainy season. Consequently
the average ann ual actual evaporation should be estimated as the same value,
722 mm, as the average annua l rainfall (Table 32 ).

If the most appropriate value of S is chosen for any particular loca tion in
Malg vi where monthly records of rainfall and potential evaporat ion exist,

annual values of act ual evaporation (AEJ ' ) and yield (A Yi ) during year j
may be found from the formulae:

(4.11)



12 12
AY

1
' = E R, - E min ) - S1 1

i- 1

As pointed out in Section 43 , for individual years it is preferable to take the
summat ions shown over the 12 months commencing 1 November.

Bearing in mind the variation of S throughout Malai ri, described previously,
the remainder of this section will examine the estimates of average annual
actual evaporation and yield obtained when S is constrained to take the
cou nt rywide mean value of 120 mm. Substitution of this value in the
appropriate Equations 4.2 and 43 yields the values listed in the fi nal two
columns of Table 4.1. To compare these values with the corresponding
estimates deduced from the ca tchment waterbalance , Figure 4.4 employs
background relationships that are drawn directly from Figure 33 which was
established when discussing the ca tchment waterbalance in Section 3.
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Figure 4.4 A verage annual actual evap oration and yield dn iThred
from the soil moisture recharge method assuming S taka
country wide mean value  of 120 mm, comp ared with
background relationships f or the sam e variable s deduced
f rom catchm ent waterbalance

In Fig. 4.4 there is nothing remarkable about the close agreement between the
locat ion of the centroid of ea ch set of points and the line of the
corresponding background relationship, because the mean value of S was
adjusted automatically to 120 mm to provide just this when the individual
values of S were being deduced. What is interesting is that, fi rstly, there are
no extreme outliers amongst the calculated values falling far away from the



background relationships. Th is suggests that the soil moisture recharge concept
is a reliable method of estimating actual evaporation and, hence, yield. The
second point to note is that the broad rates of increase of average annual
actual evaporation and yield against increasing average annual rainfal l found for
the catchrnent waterbalance are replicated by the values obtained from the soil
moisture recharge method. This latter feature is independent of the value of
S chosen, because a change in S in Equation 4.2 and 43 will only move all
plotted points by the same distance parallel to the ordinate axis, though points
representing AA E ' will move in the opposite direction to those representi ng
AA Y ' . Indeed, even if an approximate value, e.g. of 200 mm, were chosen
for S based on a nidimentary knowledge of the soils and vegetation in

there would sti ll be a reasonable agreement between the values
deduced from each of the two methods.
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5. Complementary evaporation

5.1 PREVI EW OF METHODS

Th e remaining four methods of estimating actual evapo transpiration require
only .climato logical data as inpu t; no soil moistu re data or stomatal resistance
properties of the vegetat ion, nor any other additional aridity parameters . are
needed. One of these methods is that of equ ilibrium evaporat ion; the other
three are based on the concep t of complementary evaporation which is
described in the following section.

For ease of compar iso n all the four methods may be rearranged in a form
involving Me and Ma, the energy and aerodynamic terms of the Penman
estimate of short-grass potential evaporation. Neglecting G, the heat flux into
the ground, the methods may be written as follows:

Bru tsaer t-Str icker

E Bs = 1.52 Ma - Ma

Equ ilibrium evaporat ion

E E = M e

Diff erence

Bouchet

E D = M e M a

1 2 CONCEPT OF COMP LE ME NTARY EVAPO RATION
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(5.1)

(5.2)

(53 )

Ma RL - Ma (5.4)

where R / is the outgoing long-wave radiation, 7 the psychromet ric constant
an d A ihe slope of the sa turation vapour pressure curve at mean air
te mperatu re .

Es timates of actu al evapotran spiration obtained from these methods above were
compared with AA E, the estimate obtained fro m the catchment waterbalance
described in Section 3. For the convenience of the reader the thr ee most
important var iables (AA R, E pN and AA E) refer red to in this comparison are
repea ted in Table 5.1

Bouche t ( 1963) in troduced the concept of complementary evapo ration, in which
a symmetry is assumed be tween actual and po tential evapotranspiration with
re spect to the evap orative power of the air in the absence of advect ion. The
following de script ion is taken fro m Bru tsaert and Stricker (1979) who provided



a useful summary of the concept:

Bouchet considered a large uniform surface of regional size , involving
characteris tic scale lengths of the order of 1 to 10 krn, in which the
actual evapotranspiration is E. The po tential evapotranspiration (Er ) is
the evapotransp irat ion which would take place if the available ene rgy
were the only limiting factor : under conditions when E equals E p, it is
deno ted by Ern. If for one or another reason, independent fro m the
available energy, E decreases below E

Po'
a cer tain amount of eneru

beco mes available, that is:

E
Po

- E = q

At the scale of the region this decrease of E with respect to Enn has
only a small impact on the net rad iation, and it affects primarni the
temperature, the humidity and the turbu lence of the air near the
ground. As a result , this available energy fl ux increases Ew Bouchet
assumed that if the energy balance remains otherwise unaffected, in the
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absence of local oasis eff ects, this increase equals q or:

E = E + q
Po Po

The combinat ion of the symmetr ica l relationships (53 ) and (5.6) yields:

E + E 2E , (5.7)
P

Equation (5.7) is known as the complementary relationship between actual and
potential evapot ranspirat ion.

53 BRUT SAE RT -STRICKER MET HOD

(5.6)

Prior to examining the fi rst of the methods it is necessary to defi ne the
Priestley-Taylor (1972) estimate of potential evaporation (Epr ) as:

= cc Me (5.8)

where Me, the energy term of the Penman estimate of short grass potential
evaporation, has been previously defi ned in Equation 2.5 as:

M a - A + 7 Rn (5.9)

and a is an empirical constant. The value of a was found to be 1.26 by
Priest ley and Taylor but Brutsaert and Stricker (1979) used this as well as the
alternative value of 1.28.

Average annual values of E p p together with the net radiation (Rn) and
dimensions len factor t i/ (a +7 ) are listed in Table 5.2 for each station.
Average monthly values of these three variables are also listed in Appendix 2.
As explained in that appendix, because the calculations for Equation 5.9 were
undertaken on an individual monthly basis, it is not possible to relate directly
the three columns of values listed in Table 5.2.

The version of complementary evaporation proposed by Brutsaert and Stricker
(1979) is found by subst ituting E . and E pN for Epn and Ep in Equation 5.7
and rear ranging to give an estimate (Ea s) of actual evapotranspiration:

Eas = 2Epr - E PN (5.10)

where Ep is the Penman estimate of short grass potential evaporation defi ned
in Equanons 2.1 - 23 ; average annual values are listed in Table 5.1.
Substitut ing in Equation 5.10 these values of E pN, together with those of E .
from Table 5.2, provide the average annual values of Eris listed in Table 5.3.

Equat ion 5.10 may also be recast in a diff erent format to obtain the
expression for estimating Ens mentioned in Section 5.1. Following Equation
2.4, EpN can be expressed in terms of its constituent components :

E— = M a—r N M +e
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Table 5.2 A verage annual valua qt net radiation (water
equivalent) Rn,  dimensionless factor  t ia terry ),
Priestley -Taylor potential evaporation Efl and incoming
short-wave radiation at the surface (water equivalent) Rs

where Ma represents the aerodynamic term defi ned in Equation 2.6. Assuming
a takes the value 1.26, then from Equation 5.8 it follows:

E FT = L26 Me

Substituting (5.11) and (5.12)_into (5.10) gives

E s s = 1.52 Me - Ma

Using in this equation the values of Me and Ma listed in Table 23 provides
an alternative way of obtaining the estimates of Ens listed in Table 53.

Figure 5.1 illustrates the comparison of actual evapotranspiration estimated by
the Brutsaert-Stricker and catchment waterbalance methods. The background
waterbalance relationships are copied directly from Fig. 33. I t was found that
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Table 5.3 Average annual values of actual evapotranspiration by
four methods

Climatological Brutsaert-Str icker Equil ibrium evaporation Diff erence Bouchet
Station EE ED EBOBS  

(mm) (mm) (mm) (mm)

litvumbwe 1286 1079 727 635
Chichir i 1274 1106 700 603
Chileka 1134 1170  524  379
Chl tedze 1282 1127 696 628
Chitipa 1181 1170 571 456
Dedza 1240 1075 678 675
Dwangwa 1554 1259 900 676
Karonga 1417  179 1  747 478
Li longwe 1238 1117 656 588
Makhanga 1468 1290 796 494
Makoka 1276 1104 702 583
Mangochi 1348 1250 694 486
Mimosa 1440 1128 852 677
Mzirnba 1401 1157 801 712
Mzuzu 1478 1109 901 816
Ngabu 1354 1267 696 392
Nkhata Bay 1646 1261 989 694
Nkhota Kota 1393 1250 740 521
Salima 1380 1268 722 512
Th yo lo 1417 1129 830 681

Mean 1360 1180 746 584

the majority of E ft s values exceeded the average annual rainfall (AA R)
observed at the same location; this is possible only if there is a net fl ow of
water into the area which is available to the vegetation for evaporation - a
situation which rarely occurs. Even the four Eas values which were less than
the average annual rainfall exceeded the catchment waterbalance estimate AA E
by at least 39%. A t three locations (Mimosa, Mzuzu and Nkhata Bay) the
actual evapotranspiration estimate (EBs) exceeded the potential evaporation
estimate (EpN). However, on the posit ive side,- the slopes of the two
relationships being compared were similar.

It must be concluded that in its present form the Brutsaert -Str icker method
does not provide a reliable estimate of actual evapotranspiration for locations
in Ma lai r'. This is in harmony with the more general conclusion drawn by de
Bruin and Stewart (1983) that for inland tropical stati ons the Brutsaert-Str icker
method yields actual evaporation values greater than rainfall for the majority
of stations wi th rainfal l less than 1600 mm.
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5.4 EQUIL IB RIUM EVA PORATION METHOD

In this second method an estimate of actual evapotranspiration (EE) is given
simply by:

E E • M e
(5.14)

where M is the energy term of the Penman estimate of short grass potential
evaporation menti oned in Equation 5.9. A lthough this method is not based
on the complementary evaporation concept, it bears certain features in common
with the other three methods which make it useful for consideration alongside.
This estimate was referred to as the equilibrium evaporation by Slatyer and
Mc1loy (1961) who considered it represents a lower limit to evaporation
surfaces.

Brutsaert and Stricker (1979) mention Denmead and McIlroy's (1970) theory
that equil ibrium evaporation (EE), could perhaps serve as a simple index for
actual evapotranspiration (E) and their tests with hourly data above a wheat
crop indicated approximate agreement up to a value of about 25 mW cm-2,
but E was overestimated by EE at higher rates. Brutsaert and Stricker
themselves undertook a comparison between their own method (EEs) and the
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equilibrium evaporation (EE) by determining how closely these expressions
matched a separate estimate of actual evapotranspiration found from using the
energy budget approach for small catchntent in The Netherlands during the
drough t of 1976. They concluded that their method was superior over periods
of one to three days but both methods produced similar results with these
data over longer periods of the order of a month.

Figure 5.2 illustrates the comparison between the methods of equilibrium
evaporation (EE) and catchment waterbalance (AAE) for Ma lafti. Values of
E E equal to the Me values shown in Table 2.3 are listed in Table 53 .
Values of E E for the six lakeshore stations have been omitted from the fi gure
for the sake of clarity; their values are approximately equal to the two highest
E E va lues shown.
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Figure 5.2 Co • on af equilibrium evaporation method E K and
ca waterbalance  AA E  estimates  of  actual
evapotranspiration, together with Penman a tunates of
short grass potential evapotranspiration E f w for upland
area stations

It was found that although all E E values, except Chileka, were less than the
co rresponding E. values, they were all more than the AAE values by at least
20%. Over 509i, of the EE values still exceeded the average annual rainfall
(AA R). Because Me is less than Me + Ma it follows from Equations 5.14
and 5.11 that estimates of actual evapotranspiration (EE) will always be less
than Penman short grass potential evaporation (EpN) as in Fig. 5.2. This
fi gure also shows a fu rther negative feature of the method, namely that Ep
does not exhibit any increasing trend with AA R, unlike AAE or even E a s (cr.
F ig. 5 .1.).
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The conclusion drawn is that equilibrium evaporati on provides an improved
estimate of actual evapotranspiration over the method of Bni tsaert -Str icker but
sill overestimates in comparison with the corresponding values deduced f rom
the catchment waterbalance.

5.4.1 a ro ice of Epo  in the complementary evapo ration equation

Some evidence in support of the complementary evaporati on concept is
provided by the average annual values shown in Fig. 52. As actual
evapotranspiration (AA E) increases, it will be noted that:

(a) the potent ial evapotranspiration (EpN) decreases
(b) the energy term (Me), and hence net radiation (Ro) to which i t is

closely connected, remains relatively unchanged.

No derivation of the concept from physical principles is off ered here. Even if
the physical basis of the complementary method is weak, it may prove a
unique empirical method for solving many practical problems (de Bruin and
Stewart, 1983).

Inspection of Fig. 5.2 reveals some suggestions regarding the choice of variable
to represent Er r the evaporative power of the air in the absence of
advection, in the complementary evaporation equation (5.7). From the form of
this equation the value of Eno should ideally lie half way between the
estimates of AA E and Ep Comparison of Tables 5.2 and 5.1 reveals that
E p p the Priestley-Taylor estimate of potential evaporation, l ies much closer to
ETN than AA E for Ma lai n locations and for three stations (Mimosa, Mzuzu
and Nkhata Bay Er r actually exceeds ETN. This explains why the choice of
Er r for Er in the Brutsaert-Stricker method leads to the overestimates of
actual evap transpiration (Ess) mentioned previously.

The 20 climatological stations were divided into two groups, upland area and
rift valley; for each station values of (EpN + AA E)12 were calculated from
Table 5.1 and the mean for each group determined as 1163 and 1297 mm. I t
would be preferable if Eno pr an ced values equal or close to these. A
suitable contender is prdposed by assuming Epo En, the equil ibrium
evaporation which, f rom Equation 5.14 is simply equal to g e, the energy term
of the Penman estimate of shortgrass potential evaporation. Table 2.4 shows
that the mean values of Mo are 1123 and 1267 nim for the upland area and
rift valley stations respectively, which diff er by only 3.4% and 2.3% from the
mean values of (EpH + AA E)/2 given above.
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53 DIFFERENCE ME THOD

Substitut ion of  0 = Me into the complementary evaporation Equat ion 5.7
and taking E pH the potential evapotranspiration gives, after rearrangement,
the third estimate of actual evapotranspiration (ED) where:

E D = 2Me - E pN (5.15)

By expressing EpN in terms of its two components (Equation 5.11) this
expression can be recast in an even simpler form:

E D = M - M a (5.16)

Because this estimate of actual evapotranspiration is similar to the expression
for the Penman estimate of short grass potent ial evaporation, but with the
sign changed form positive to negative, it will be referred to as the Diff erence
method. Average annual values of ED are listed in Table 53 ; these may be
obtained by subst ituting either values of E pN from Table 5.1 and E E  (=M e)
from Table 53 into Equation 5.15 or values of  Me and Ma from f able 23
into Equation 5.16.

Figure 53 illustrates the comparison between the Diff erence (ED) and
catchment waterbance (AAE) methods. It was found that all the ED actual
evapotr anspirat ion estimates, except that for Makhanga station, were less than
the average annual rainfall (AA R). There was also a slight trend for E D to
increase with increase in AAR. From the inequality:
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Figure 5.3 Comparison  of M ine=  method ED and catchment
wata balance AAE a timates of actual- evapotranspiration
in lakeshore and upland stations
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it follows that ED must be less than all values of not only potential
evaporation (E N) but also equilibrium evaporation (EE).

Figure 5.4 shows a more direct comparison between the values of En from
Table 5.3 and AAE from Table 5 1 Fifteen of the 20 values of E D darer by
less than 100 mm from the corresponding value of AAE It should be
recalled here that the standard error of estimate of AAE from Equation 3.4
is, by comparison, 90 mm. Th e mean of all 20 points using the Diff erence
method underestimates by 73 mm, or 8.9%, the corresponding mean from the
catchment waterbalnce method. Th e fi ve poorly-fi tting points are from the
stations at Chichir i, Chileka, Chitipa, Nkhota Kota and Salima; a possible
explanation for the discrepancies of the last two may lie in the large
diff erences between average annual rainfall for the period 1970-1978 examined
and for the longer period 1951-1978 given in van der Velden (1979).

The conclusion drawn in this section is that the Diff erence method provides a
promising technique for estimating actual evapotranspiration at the majority of
locations in MalaiVi, but slightly underestimates in comparison with the
catchment waterbalance method.
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55 .1  Connection between Diff erence and Brutsaert-Stricker
methods

Th e Brutsaert-Stricker method of estimating actual evapotranspiration is one of
the better-known recent versions of the complementary evaporation concept. To
understand the relationship between this and the new Diff erence method,
described above it is necessary to refer to Equation 14 of Brutsaert and
St i cker's 1979 paper, namely:

A
E = (2 a - 1) — (c - G)

A + 7 A

where G represents the ground heat flux, Ea the dry ing power of the air
[f(U2)(e5 - e)) as in Equation 2.1, and a the Priestley-Taylor empirical
constan t as in Equation 5.8. In their application  of  this expression Brutsaert
and St i cker neglected  G  and adopted values  of  either 1.26 or 1.28 for a.

In the Difference method  G is  similarly neglected in Equation 5.18, but
instead  of  the previous values adopted a is taken equal to 1. To convert
estimates of actual evapotranspirat ion which originally used the
Brutsaert-Stricker method to those using the Diff erence method it is necessary
to subtract either 0.52  Ma or 0.56  Ma, depending on the value of a adopted,
where:

Ma - A + 7 Rn (5.19)

Consequently the new estimates are always less than those of
Brutsaer t-Stricker, which may alleviate some of the widespread overestimation
noted in Section 53 . Another expression for determining the
Brutsaert-Stricker estimate (EDs) is Equation 5.10 involving the Priestley-Taylor
(En ) and Penman (ET,N) potential evaporation estimates:

L BS = 2E n - E pN (52 0)

To convert this to the Diff erence meth od it is necessary first to divide the
Priestley-Taylor estimate by either 1.26 or 1.28, as the case may be; for
example:

2E FT "  EPN

1.26

5.6  BOUG IE !' ME THOD

7 Ea (5.18)
+ 7

(5.21)

The last of the complementary evaporation methods entails returning to the
expression given in the original paper by Bouchet (1963) which introduced the
concept. Aft er establishing the complementary evaporation equation (1 7),
Bouchet then derived a second equation, on the basis of additional energy
budget considerations, expressing E. in terms of the absorbed short-wave
radiation (1 - r) R Substituting ffi ii into Equation 1 7 gave:

E p + E (I - r) R 5 = Q (5.22)
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where r is the albedo, Rs the incoming short-wave radiat ion at the sur face
and 0 is a large-scale (i e. larger than regional) advection term. In
subsequent applications Equati on 5.22 has w ata lly been simplifi ed to the
following equality:

+ E = (1 - r) R 5 (5.23)

Th e approximate validity of this latter expression has been verifi ed with
experimental data for annual periods by Bouchet.

In this present study an estimate (EDD) of actual evapotranspiration (E) was
obtained by substituting EPN, the Penman estimate of short grass potent ial
evaporation, for 5 in Equation 5.23 and reatranging:

E B0  a ( 1 - r) R 3 EPN (5.24)

Taking the albedo r = 02 5 and using the average annual values of Rs and
listed in Tables 52 and 5.1 respectively gives the average annual values

: 13 E B0 listed in Table 53 . Average monthly values of Rs are also listed in
Appendix 2.

Equat ion 52 4 may also be recast in a diff erent format to obtain the
expression for estimating ED0 mentioned in Section 5.1. Equation 22 for net
radiation (Rn) may be summarized as:

R a = (1 r) Rs RL (52 5)

where RL is the outgoing long-wave radiation. Following Equation 5.11 E F,N

may be expressed in terms of its constituent energy and aerodynamic terms:

E PN = Me + Ma

Substituting (5.25) and (52 6) into (5.24) gives:

E B0  = Ra + RL - Ms - Ma

Making use of the inverse form of Equation 59 :

A +
R n - — M e

Equation 5.27 reduces to:

7
EBO = Me R L Ma

(5.26)

(52 7)

(528)

(5.29)

For the group of 12 upland area climatological stations the mean average
annual values of 7/A, Me and RL are 0.403, 1123 mm and 580 mm
respectively. Bearing in mind that all the original basic calculations were done
strictly on a monthly data period, an approximate estimate of the mean value
for the sum of the fi rst two terms in Equation 52 9 using the three values
given above is 1033 mm; this is only 90 ram lower than the mean value
1123 mm of Ma used in Equation 5.16 as discussed in Section 53 . This
means that for locations in Malafsi there will be a certain measure of
agreement between the Diff erence (ED) and Bouchet (EDD) methods. However
it must be emphasized that estimates of actual evapotranspiration obtained
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f rom any of the methods founded on the complementary evaporation concept
are very sensitive to the exact choice of E. values, since the form of
Equation 5.7 dictates that any change in Epo results in a change twice that
size in E. if E remains unchanged.

Figure 53 illustrates the comparison between the Bouchet (EB0) and
catchment waterbalance (AAE) methods. I t was found that al l the Eno, actual
evapotranspirati on values were less than both the average annual - rainfal l
(AA R) and potential evaporation ( E n g ) . For every station EB0 was lower
than the corresponding val ue (E& obtained from the Diff erence method; sd
values were even lower than 5(Y0 nun, which would give unreasonably high
values for average annual yield at these locations. There was little, if any,
trend for E B0 to increase with increase in AA R.

In Section 53 it was demonstrated that the Diff erence method slightly
underestimated actual evapotranspiration in comparison with the catchment
waterbalance method. The conclusion drawn in this present section is that the
Bouchet method underestimates actual evapotranspiration by an even greater
degree; however it does not suffer from the disadvantages shown by the
Brutsaert-Stricker and equilibrium evaporation methods, namely exceeding the
average annual rainfal l at the majority of stations.
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6. Discussion and conclusions

6.1 RAINFA LL AND POTE N I1AL EVAPORAT ION

An initial review of rainfall and potential evaporation in Ma laid provided the
following conclusions. In this region of Central Africa there is, generally,
one distinct annual rainy season followed by a long diy season. The spatial
variation of average annual rainfall is consistent both in the upland areas and
in the rift valley south of Lake Ma 14 6, but is erratic along the western
lakeshore. Stations in all areas demonstrate considerable variation from year
to year in annual rainfall totals.

In general higher values of Penman short grass potential evaporation (EPN) are
estimated along the rift valley fl oor with lower values on the upland areas.
Average annual values of EpN range from 1316 to 1840 mm with a mean of
1610 mm. The Penman open water evaporation (E) is approximately 25 %
larger than E pN and exhibits similar spatial variation. Both E pN and Eo

demonstrate little variation from year to year at all stations.

The term E i,t4  may  be  usefu lly expressed as the sum of its components, the
energy term (Me) and the aerodynamic term (Ma). As one factor infl uencing
higher values of EpN  it is particularly notice able that all the higher values of
M occur at rift valley stations; the mean value of Mc  for upland area
stations is 11% less than the corresponding value for the rift valley. Annual
values of Me  show very little variation from year to year.

Values of Ma are considerably smaller than M . but show both greater spatial
var iation and greater year-to-year variation than M . The mean value of Ma
for upland area stations is 16% less than the co rresponding value for the rift
valley but, unlike the value for -Me, not all individual rift valley station values
are greater- than the individual upland area values. Values of Ma appear to
be depressed in the tea cultivation areas but enhanced on the leeward side of
high ground.

To highlight these variations a plot of Ma against Mc allowed the 20
climatological stations to be divided into five classes to distinguish their
climatic properties.

6.2 AC TUAL EVAPOT RANSPI RATION

The six methods (listed in Table 6.1) used in this study to estimate actual
evapotranspiration were applied to data from 20 climatological stations, eight of
which were loca ted  down in  the rift valley and 12 on upland areas.
Catchment waterbalance (AAE) was considered the most reliable method, with
which the other five were compared.

Th ree of the methods did not prove reliable for locations in Malat :
Brutsaert-Stricker (EE ), equilib rium evaporation (EE) and Bouchet (E/03).
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Table 6.1 Th e cowarywide mean value of avenzge annual actual
evapotranspiration a timated by the sir diff erent methods

Method Formula Actual evapotranspiration
Mean
(mm)

Catchment waterbalance AAE  •  0.29 AAR • 490 819

Soil moisture recharge AAE  • Emin Eii)  •  s 818

Brutsaert-Str icker EEs  • 132  Me  —  M a 1360

Equilibrium evaporation EE • Me 1180

Diff erence ED  •  Me  —  Ma 746

Bouchet EED • — M • RL — Ma 584a c

The main drawbacks were that fir stly the majority of Efts and EE values
exceeded the rainfal l (A A R), secondly E E and did not increase wi th
increasing rainfal l, and thirdly, as demonstrated in % fi e 6.1, Ells substantial ly
overestimated AA E, whilst EE and EBD, though closer to AA E, over- and
underestimated respectively.

The remaining three methods are al l considered suitable for practical use in
Malacvi; Catchment waterbalance (AA E), Soil moisture recharge (A A E ) and
Diff erence (ED). Greatest reliance can be placed on the catchment
waterbalance method for two reasons: fi rst, it is based on data drawn from a
large number of catchments (38) spread throughout the country; and second, it
is val id for the widest range of rainfal l, 700 to 2100 mm. The formula in
Table 6.1 shows that actual evapotranspiration (AA E) increases slightly with
increasing rainfal l (AA R). If AA E is expressed as a fraction of EPN (the
Penman estimate of short grass potential evaporation) it is found to vary from
39 to 67% with a mean of 51%.

The concept underlying the soil moisture recharge method is part icular ly
appropriate for climates, such as that in Male vi, which have a single rainy
season. When fi tted to the data, the formula in Table 6.1 exhibits several
encouraging features: all values of AA E ' are less than or equal to the
rainfall; there are no extreme outliers; the trend of increasing actual
evapo transpiration with increasing rainfall is replicated. Th e main
disadvantage concerns the esti mation of soil moisture recharge (S). By
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comparing this method with that of the catchment waterbalance, S was found
empirically to vary between 34 and 209 mm for individual stafi ons, with a
coun trywide mean of 120 mm. It would be preferable if S could be
determined from an independent fi eld soil survey. Th e close agreement
between the mean values of AAE and AAE in Table 6.1 is not signifi cant
because, in the absence of such a fi eld survey, the empirically derived mean
value 120 mm was assumed for S. However it does indicate that if an
approximate value, say of 200 mm, was chosen for S based on a n idimentaiy
knowledge of soils and vegetation in Ma 10 4, there would sti ll be a reasonable
agreement between the values deduced from each of the two meth ods AAE '
and AAE.

The well-khown formula for estimating Penman shor t grass potential
evaporation is:

E PN Rn f (U2) (es - e)
A + 7 A + 7
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(6.1)

where the albedo r is se t equal to 0.25 in the net radia tion term R . In the
diff erence method an hypothesis for estimating actual evapotranspiration (ED) is
proposed which employs the same two major tenn s as in the formu la for E PN

above but, instead of their sum, it takes their diff erence:

A 7
ED = A + 7

Rn f (U2) (en - e) (62)
A + 7

When fitted to the data, En gives values which show a slight trend to
increase with increasing rainfall, and for which all but one are less than the
rainfall. From Table 6.1 it is seen that the countrywide mean value of ED

slightly underestimates the corresponding value of AAE by 9%. However the
individual station values of the Diff erence method demonstrate greater sca tter
than those of the soil moistu re recharge method AAE ' .

Before concluding it should, however, be recalled that these methods for
estimat ing actual evapotranspiration are applicable only un der the following
restraints (see also Sect ion 1.4):

a) the evaporating surface is mixed vegetation
b) the estimate is of annual, rather th an monthly, values of actual

evapotranspiration and
c) the estimate is primarily a regional rather than a site-specifi c value

of actual evapotranspiration.

Although some of the methods can be adapted to estimate monthly values,
further research is required to see whether this can be justifi ed.



63 COMPLEMENTARY EVAPORATION

The diff erence method (ED) and the methods of Brutsaert-Stricker (EEs) and
Bouchet (Eno ) are founded on the concept of complementary evaporat ion
(Bouchet, 146) ):

E p + E = 2Epo (63 )

in which a symmetry is assumed between actual E and potential
evapotranspirat ion (5 ) with respect to the evaporative power of the air in the
absence of advection (Epo).

Some evidence in support of the concept, at least for annual periods, is
provided by analysis of the MalA i data as the actual evapotranspiration
(AA E) increases, fi rstly the poten tial evapotranspiration (EpN) decreases and
secondly the ne t radiation (Rn) remains relat ively unchanged; however this
evidence is no t fi rm enough to -he conclusive.

Regarding the choice of a suitable variable to represent E . ideally it needs
to lie halfway between E PN and AAE to maintain the symmetry inherent in
Equation 63 . In the Brutsaert-Stricker method the Priestley-Taylor estimate of
potent ial evaporat ion (Er r) is chosen for E . For stations in Mala ki it is
found that Epr lies much closer to EpN than AA E; this leads to the
substantial overestimates by E a s values and makes the method unsuitable for
use in this country. In contrast, in the Diff erence method the equilibrium
evaporation (EE) is chosen to represent E . The reason for this choice is
that mean values of E E for the two groups of upland area and rift valley
stat ions were only 3% less than the corresponding ideal values of (EpN +
AA E)/2 . Th is method gives estimates (ED) of actual evapotranspiration that
are always less than Ens values. From lhe form of the formula (Table 6.1)
it can also be demonstrated that ED is always less than both the equilibrium
evaporation (Es ) and the potential evapotranspiration (EpN). Therefore it may
be concluded th at the choice of EE for Epo leads to a method more suitable
for use in MalaGii. However it must be emphasized that estimates of actual
evapot ranspiration obtained from any of the methods founded on the
complementa ry evaporat ion concept are very sensitive to the exact choice of
variable for E

Po'
since the form of Equation 63 dictates that any change in

E . res ults in a change twice that size in E, if 5 remains unchanged.

No derivation of the new Diff erence method from physical principles is off ered
in this repor t. Even if the physical basis is weak it may prove a useful
empirica l method for solving practical problems. Further work on the
theoret ical aspects together with practical testing under different climates in
other countries are required to establish whether this hypothesis has any
validity other than as an empirical method for estimating actual
evapotranspiration in Mala* i.
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Appendix 1 Practical calculation of potential
evaporation

Th is appendix contains in greater detail the practical background to the
calculation of potent ial evaporation for Ma

CO RREC TIONS UNDERTAKEN TO THE OBSERVATIONS
BEFORE PROCESSIN G

• New climatological stations were opened at Ngabu on 17
and at Dwangwa on 3 December 1971.

• The previous name of the station at Thyolo was Cho lo.
name of the station at Mangochi was Mangoche, and prior
Johnson.

CA LC ULA TIO N OF MIN OR VARIABLES

ANO MALIES IN TH E PR OCESSED DATA
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October 1971

The previous
to that Fort

• The instruments at Mangochi station were moved on 2 September 1971 to
a new site 500 yards to the south-east.

• A t Lilongwe the observations from the 6 ft . high anemometer were missing
for al l months of the 1970-1978 record. Readings were taken instead
form the Munro cup anemograph, which was assumed to be mounted at
the standard height of 10 m. A factor of 0.78. as recommended in the
Bri tish Meteorological Offi ce observer's handbook, was applied to al l
windspeeds to reduce them to the equivalent speeds found at 2 m
height.

• Observations of windspeed, dew point temperature, mean air temperature,
sunshine hours and rainfall were missing for occasional months for all
stations, as listed in Table A 1.1. The average of the observations for the
same month in all the remaining years was used to fi ll in these missing
values for each variable.

The explanation and source of the var iables used in the calculation of
potential evaporation, descnbed in Equations 2.1-2.3, are given in Table A 1.2.

Inspection of the computer listings of processed potential evaporation data
revealed a number of anomalies which are listed in Table A 1.3. The
remaining seven stations, Bvumbwe, Chi tedze, Chitipa, Karonga, Mzimba,
Nkhota Kota and Thyolo did not reveal any easily recognisable anomal ies.



Table: A 1.1 Months bi which observ ations  of  certain variables were
missing at the climatological st ations
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Table: A 1.2 Sourre of variables used in calculation of potential
evap oration

Variable Source

u2

Ta

—
N

Ra

Rainfall measured in a Snowdon pattern raingauge with r im at 21t bins
above ground level

Wimi speed measured in a 6ft high cup anemometer, which was assumed
equal to the speed at 2m height

Mean air temperature taken as the mean of observations from the
maximum and minimum thermometers

Stefan-Bolti man constant: 567 x 10-8 W m-2 K4

n is hours of bright sunshine observed on a Campbell-Stokes recorder, with
WMO type reductions; N is maximum possible hours of bright sunshine
calculated from values of lati tude and day of year.

Incoming short-wave radiati on at the top of the ear th's atmosphere
calculated from values of lati tude, day of year and solar constant

Saturation vapour pressure at mean air temperature; es is a function of
temperature Ta

Vapour pressure is a function of the mean dewpoint temperature, which
is taken as the mean of the dewpoint temperatures of 08W and I4M
hours

Slope of saturation vapour pressure curve at mean ai r temperature. A is
a function of temperature Ta

Psychrometr ic constant is taken as a function of al ti tude and
temperature Ta
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Table: A 1.3 Anomalies discova ed bt the processed potential
evaporation data

Climatological

Station

Anomalies

Chichiri Windspeed decreasing over period 1972-1974
Mean air temperature error in August 1973

Chileka Vapour pressure error February 1971

Dedza March rainfall much higher in 1974-1978 than in 1970-1973

Low potential evaporation estimates in 1974 and 1978

Dwangwa Rainfall in May 1974, but not in May 1973, aff ects radiation

ECM

Ulongwe Vapour pressure errors in August 1970 and July 1971
March rainfall much higher in 1974-1978 than in 1970-1973

Low potential evaporation estimates in 1974 and 1978

Makhanga Rainfall does not have same pattern as Ngabu

Makoka Rainfall error in January 1976
Doubtful rainfall value in January 1770, since it diff ers greatly

from values at Chi leka and Chichir i

Mangochi In general processed variables, except rain fall, very similar to same

var iables recorded at Sa lima; however 1970-1978 rainfal l

recorded at Salima is not representative of long-term average

there
In general processed variables very similar to same variables

recorded at Ngabu
Very high rainfall rccorded in 1978, as it was also for other

stations on the lakeshore

Mimosa Mean air temperature error in February 1978
Vapour pressure error in May 1970
Rainfall agrees quite closely wi th that recorded at Thyolo

station
Mzuzu Mean air temperature error in November 1974

Windspeed error in August 1977
Some doubtful values in vapour pressure defi cits
Good correlation between values of Me and n/N

Ngabu Extremely high value of Ma recorded in October 1977

Nkhata Bay Windspeed gradually decreasing over 1970-1978
Th om-Oliver wind function RA gradually increasing over

1970-1978

Salima Rainfall recorded during 1970-1978 is not representative of

long term average
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Appendix 2 Average monthly values of rainfall
and selected evaporation variables

Th is appendix lists the average monthly values of the most usefu l nine
var iables at each of the 20 climatological stations. For each var iable separate
tables give the mean and coeffi cient of variation over the period of record,
which is nine years for all but .two of the stations. A ll values of the mean
expressed in uni ts of mm were rounded to the nearest mm; consequently some
average annual values may not exactly equal the sum of the average monthly
values shown. The coeffi cient of variation is a measure of the year-to-year
change in a var iable; a star in a column indicates that its values is
indeterminate, for example if, for a certain month, all annual values of rainfall
are zero.

The 18 tables in this appendix are arranged as shown below:

Vari able Mean
Table No.

Coeffi cient of variation

Table No.

A2.1A A2.1B
EpiN A22 A A22 8
Eo A2.3A A2.3B
Me A2.4A

Ma A2.5A A2.513

A2.613E . A2.6A

Rn AV IA A2 713
(A+7 ) A2.8A A2.8B

Rs A2.9A A2.9B

From these listings of nine variables it is possible to calculate average monthly
values for any of the other major var iables mentioned in the main text, for
example:

Brutsaert and Stricker actual evaporation  estimates
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ED 12 6 EPN

Outgoing long- wave rad iation

RL = ( I – r) Rs – Rn

with r = 0.25

Bout het actual evaporation estimate

E BO ( — r) Rs – EpN (A2.7)

with r = 0.25

or  EBO —  M a (A/ 8)

Dimensionless factors

7
A + 7 A + 7

7

A

2EpT

l t should be noted that expression:

A
M e RA 4, n

-

— A—
Ms  — Rn

A t 7
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(A2 .5)

(A2.6)

(A2.9)

(A2.10)

(A2.11)

was evaluate d using the individu al monthly values of A./(Ac y) and Rn for each
sta tion. Since this is a product of two variables it follows that :

(A2.12)

where the bars deno te average month ly values or average annu al values.
Th erefore the values of Me A/ (A+7 ) and Rn in Tables A2.4A, A2.8A and
A2.7A canno t be directly related: in pract ice, although the inequality (A2.12) is
true for average annual values, the two sides of the expression show close
agreement for average monthly values.
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Table A 2 2  Average monthly values of Penman short grass
potential evaporation EpN for 1970-1978

a) Mean (mm)

Sta tion J an Feb Mar Apr May Jun Ju l Aug Sep Oct Nov Dec An nua l

Bvumbwe 126 112 120 99 94 77 86 116 148 175 15 0  128  1430

Ch ichir i 127 115 123 105 99 85 96 123 159 183 164 13 1 1512

Chile ka 153 138 144 127 123 105 118 150 189 218 192 159 1816

Chitech e 125 113 125 112 1137 95 103 127 13 9 188 169 134 1558

Chitipa 118 112 122 123 127 120 135 166 201 279 184 13 3 1769

De dza 119 107 119 103 102 86 95 120 156 180 160 126 1472

Dwa ngwa• 125 115 12 1 12 1 109 106 112 132 156 182 189 151 16 18

Ka ronga 138 130 138 130 134 128 136 156 18 1 214 193 15 9 1835

Li longwe 125 115 126 114 109 97 105 128 162 191 172 134 1578

Makh an ga 166 147 153 129 110 87 97 133 175 215 202 169 1784

Makoka 130 115 123 103 98 86 94 123 158 181 163 133 1506

Mangoc hi 152 137 151 135 124 107 116 141 175 211 197 161 1806

Mimosa 135 117 123 100 90 73 80 107 137 161 150 133 1404

Mzimba 113 106 116 112 110 98 106 130 157 184 15 8 12 5 1513

Mzuzu 115 106 110 96 84 69 75 98 127 160 15 1 126 1316

Nga bu t 175 150 147 122 111 90 99 140 184  22 7  220 175 1840

Nkhata Bay 128 117 122 11 1 108 96 103 127 148 175 162 137 1534

Nkhota Kota 130 12 1 134 130 127 119 128 146 17 1 210 1% 149 1759

Salima 138 129 147 141 131 118 129 148 171 208 198 157 1816

Th yolo 136 119 12 1 100 9 1 71 78 110 139 170 15 5 136 1427

b) Coeffi cient of variation  (%)

Bvu mbwe 6.6 9.7 9.8 8.6 12.1 5.7 8.3 6.7 4.7 4.8 6.0 10.0 3.0

Ch ich iri 7.1 10.4 13.3 11.0 13.6  7.5  10.2 16.9 8.8 4.2 9.2 10.1 5.3

Ch ileka 6.0 133 14.4 7.8 11.1 63 7.7 5.6 5.8 3.3 6.5 10.6 4.2

Ch i tcdze 7.4 8.1 10.6 5.6 11.1 4.3 5.2 5.0 5.6 2.7 4.8 9.4 3.9

Chitipa 5.6 5.2 6.4 5.7 8.7 5.9 4.2 3.5 2.6 4.0 8.0 9.6 1.2

De dza 6.1 7.9 10.1 8.4 10.2 5.7 3.5 6.6 3. 1 2.7 6.9 9.4 2.8

Dwangwa• 9.3 9.4 10.8 2 4 16.6 53 7_3 2.2 2.8 3.8 8.8 2.5 5.1

Karonga 53 63 8.4 6.1 75 55 5.0 33 3.1 43 63 7.8 2-4

Lilongwe 7.7 8.9 10.9 6.2 9.9 6.4 7. 1 6.8 4.6 33 5.0 10.0 3.8

Makhan ga 6.7 73 63 8.6 12-0 6.7 8.2 5.0 5.8 5.7 9.8 4.9 3.0

Makoka 8.9 9.7 13.7 9.6 12.0 5.9 7.1 63 4.6 3.3 6.7 93 3.7

Man goc hi 6.2 10.0 10.9 6.1  72  5.8 4.1 3.1 1.4 3.7 7.0 9.2 33

Mimosa 5.5 113 7.0 9.9 103 5.1 62 7.9 3.6 4.8 8.7 9.2 2.5

Mzimba 7.4 73 7.8 7.1 9.1 6.1 52 3.0 2.9 2.6 6.1 8.4 2.8

Mzuzu 4.5 7.6 8.4 4.6 6.6 6.3 3.7 4.7 1.9 2.1 6.2 8.5 1.9

Ngabut 5.1 8.9 9.4 8.7 132 5.8 9.3  7.7  4.7 8.9 6.3 3.8 3.7

Nkh at a Bay 7.3 6.9 8.6 8.3 7.4 5.1 5.3 5.0 3.2 2.6 6.9 10.8 2.7

Nkhota Kota 8.2 8.7 10.3 4.7 7.1 3.7 4.2 2.4 3.6 2.9 6.3 13.1 2_8

Salima 8.8 11.1 12.0 7.1 8.0 4.8 3.0 4.2 1.3 3.1 7.3 11.4 42

Thyolo 7.1 9.2 8.6 93 10.1 6.3 6.7 9.3 4.0 4.7 7.2 10.3 2.4

• 1973 1974

t 1973 - 1978 Compute r prin tout nomen cla tur e : PN
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Table A2 3 A verage monthly values of Penman op en water
evaporation  E0 f or 1970-1978

a) Mean (mm)

Station Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Annual

Bvumbwe 161 143 154 128 122 100 111 147 186 217 189 162 1820

Chichin 163 148 158 136 129 110 212 155 198 22 7 203 166 1914
Chileka 191 173 181 160 155 131 146 184 229 263 234 197 2244
Chitedze 159 145 161 145 139 122 132 161 200 234 210 169 1975
Chitipa 149 142 155 157 161 152 170 206 244 275 225 167 220 1

Dedza 151 137 153 133 133 112 123 153 195 225 200 160 1874

Dwangwa• 160 147 156 155 142 138 144 169 198 230 236 191 2065

Karonga 174 164 175 164 169 160 170 1% 226 264 238 198 2297

Lilongwe 159 146 161 146 141 124 133 162 202 237 213 169 1992

Makh anga 209 186 194 165 142 112 125 168 216 263 248 212 2239
Makoka 166 147 157 132 126 110 121 155 197 225 203 168 1907
Mangochi 191 172 191 171 158 136 147 176 218 260 242  X0 226 1
Mimosa 172 150 157 129 119 96 104 139 175 204 190 170 1804
Mzimba 145 136 149 144 144 128 137 167 200 232 199 159 1939
Mzuzu 146 135 141 125 113 94 102 130 165 205 192 160 1710
Ngabut 218 188 185 156 143 115 126 175 225 275 267 216 2288

Nkhata Bay 163 150 157 144 141 125 134 164 190 223 206 175 1968

Nkhota Kota 164 153 170 165 162 150 160 184 214 258 242 187 2208
Sahma 175 164 186 178 167 149 161 186 214 25 8 244 1% 2276
Thyolo 173 152 156 131 121 94 104 143 177 214 195 172 1830

b) Coeffi cient of  variation  (%)

Bvumbwe 6.6 9.9 9.8 83 11.7 5.4 7.8 6.9 4.4 4.5 6.3 10.0 2.8

Chichiri 7.2 10.2 12.8 10.3 12.6 6.3 8.9 15.0 7.7 3.5 8.6 10.0 4.6

Chileka 5.9 12.7 13.9 7.7 10.6 6.1 7.1 5.8 5.6 3.2 6.5 10.2 3.9

Chitedze 75 83 10.8 5.6 10.9 33 53 52 4.9 2.4 4.8 9.4 3.7

Chitipa 5.8 53 6.4 5.9 8.6 5.4 3.7 3.4 2.2 3.6 8.0 9.5 1.2

De clza 6.3 8.1 10.2 8.2 10.0 5.7 63 7.0 2.9 2.6 6.9 93 2.6
Dwangwe 9.6 9.3 10.7 2.1 17.8 3.5 6.7 13 2.5 3.9 7.5 2.6 4.8
Karonga 5.7 6.3 8.2 6.1 73 5.2 4.7 32 3.0 4.1 6.6 7.9 2.1
Li longwe 7.9 8.8 11.0 63 9.8 5.6 63 6.6 4.0 3.0 4.8 10.2 3.6

Makhanga 6.4 7.6 8.4 113 62 7.6 4.9 5.1 5.1 9.4 5.1 9.4 2.8
Makoka 9.0 9.9 13.4 9.7 11.8 5.7 6.8 6.7 4.4 3.2 6.8 9.2 3.5
Mangochi 6.2 10.0 10.8 6.4 7.9 5.3 3.8 3.0 1.4 3.6 6.9 9.1 3.1
Mimosa 5.4 11.1 7.4 10.1 10.6 5.4 63 8.0 3.5 4.6 8.7 9.2 2.5

Mzimba 7.7 7.3 8.1 6.9 9.1 5.5 4.9 2.9 23 2.5 6.1 8.6 2.7
Mzuzu 5.1 7.6 8.9 5.1 6.7 5.8 3.8 4.8 1.8 1.9 8.1 8.7 2.0
Ngabut 4.9 8.7 9.2 8.6 12.7 5.8 8.7 7.4 3.9 7.7 6.1 4.2 3.4
Nkh ata Bay 7.4 7.1 8.8 8.1 7.4 4.9 5.0 5.0 2.9 2.4 6.9 10.8 2.6

Nkh ota Kota 82 83 10.2 4.7 7.1 32 4.1 2.4 33 2_5 6.0 12.7 2.7
Salima 8.9 11.0 12.0  6.9  7.7 42 2.6 3.0 13 2.7 6.9 11.2 4.0

Thyolo 7.1  9.4  9.1 9.6 10.1 62 7.1  89  33 43 7.2 103 2.5

• 1973 - 1974
t 1973 - 1978 Computer pr intout nomenclan tre : BO
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Table 4 2 4 A verage monddy values of energy te m of Penman shor t  -
p iss potential evaporation Me for 1970  -  1978

a) Mean (mm)

• 1973 - 1974

7 1973 • 1978 Computer printout nomenclature : ETRM
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Table A2 5 A verage monthly values of aemelynamic term of Penman
short grass potential evaporation Ma  for 1970  -  1978

a) Mean (mm)

Station Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Annual

Bvumbwe 17 16 213 18 23 23 27 39 52 59 39 21 353

Chichir i 17 16 21 21 26 28 35 45 60 65 48 23 406

Chilcka 34 33 34 36 45 46 54 69 86 97 71 42 646

Chitedze 20 17 21 21 29 34 39 47 57 66 53 28 431

Chi ti pa 23 21 24 30 38 42 54 68 92 105 71 32 599

Dedza 20 17 21 21 28 28 33 42 56 60 48 25 397
Dwangwa• 15 15 14 21 22 30 35 37 44 46 53 28 359

Karonga 28 25 25 30 39 49 52 54  64  77 64 39 544

L ilongwe 22 20 23 24 31 36 40 48 61 70 57 29 46 1

Makhanga 30 25 28 27 29 25 30 46 67 83 67 37 494

Makoka 19 17 22 21 26 29 33 44 57 62 47 25 402

Mangochi 29 27 32 35 39 40 46 54 67 80 68 39 556

Mimosa 18 14 17 15 17 17 20 28 38 42 31 20 276

Mzimba 16 15 17 . 20 26 28 33 39 48 55 41 21 356

Mzuzu 17 16 14 13 7 4 7 12 24 38 35 21 208
NgabuT 39 32 29 27 30 27 33 53 76 96 83 47 571

Nkh ata Bay 17 15 15 14 20 22 25 30 31 35 31 18 272

Nkhota Kota 21 20 24 29 36 46 51 54 60 75 65 31 510

Salima 24 23 31 38 41 47 54 57 59 73 64 35 546

Thyolo 19 17 16 15 17 15 17 30 41 50 37 25 199

b) Coeffi cient of variation  (%)

Bvumbwe 17.4 19.1 26.2 22.6 30.5 17.3 19.8 12.5 10.2 11.2 10.5 21.8 8.2

Chichir i 18.0 28 .8 43.0 33.9 38.6 23.1 26.1 38.9 20.9 14.2 21.9 23.6 17.5

Chileka 14.5 39.5 32.2 16.7 22.1 14.0 15.2 8.6 9.6 7.0 10.7 22.0 8.2

Chi tedze 14.1 145 25.2 19.5 26.9 13.7 7.7 10.7 13.8 9.4 9.1 17.3 9.2

Chkipa 9.4 13.2 12.5 10.5 16.4 13.9 9.1 62 5.3 6.7 11.6 20.2 2.8

Dedza 102 15.6 21.5 21.1 23 .7 13.6 12.9 9.0 7.1 4.8 11.8 18.9 5.7

Dwangwa• 4.5 17.4 22.9 6.9 20.9 26.5 205 14.9 8.1 5.9 27.6 0.4 13.4

Karonga 9.3 23.6 21.9 12.0 16.3 14.1 10.7 7.6 7.7 11.0 9.7 15.9 6.8

Li longwe 12.8 21.5 245 17.6 22.4 16.3 18.0 173 10.1 9.1 11.5 17.8 9.4

Makhanga 22.8 19.0 14.7 20.3 26.9 19.6 19.7 11.4 12.6 11.6 17.6 17.0 9.0

Makoka 19.4 18.0 37.4 23.4 29 .0 14.3 16.0 12.3 9.6 7.3 12.2 18.5 9.6

Mangochi 12.4 20 .8 24.3 12.1 15.7 12.2 105 9.4 3.8 6.7 12.2 18.5 6.7

Mimosa 15.6 49.9 14.6 18.6 27.5 15.2 14.0 153 10.0 11 1 15.0 21.1 6.1

Mzimba 113 15.2 12.8 21.0 21.8 17.0 11.7 85 8.1 62 11.1 17.0 6.1

Mzuzu 11.4 26 .1 15.7 20.2 56.2 65.0 22 .7 20.9 7.2 7.8 20.7 16.4 7.5

NgabuT 16.9 18.3 20.7 17.8 29.7 14.1 21.9 14.2 11.1 19.2 13.1 10.5 9.0
Nkhata Bay 152 14.6 14.7 25.8 22.5 16.4 15.6 12.8 12.2 8.8 13.0 23.4 93

Nkhota Kota 17.1 21.3 24.9 13.2 16.7 10.9 9.9 6.5 7.8 7.5 13.7 28.7 5.6

Salim a 15.2 23.6 25.2 18.1 195 10.1 9.9 15.3 4.8 8.9 17.0 24.4 9.2

Thyolo 16.3 23.3 11 2 18.1 24.6 22.0 15.9 21.4 13.3 9.9 14.5 21.1 4.0

• 1973 1974

T 1973 1978 Computer pr intout nomenclature AF1T4
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Table A2 6 A verage monthly values of Priestk y-Taylor potential
evaporation En f or 1970 - 1978

a) Mean (mm)

Sta tion Jan Feb Mar Ap r May Jun Jul Aug Sep Oc t Nov Dec Ann ua l

Bv umbwe 137 12 1 127 102 89 69 74 97 122 146 14 1 134 1358

Chichir i 139 125 129 105 92 72 77 98 125 150 145 136 1393

Chileka 149 133 138 115 99 75 8 1 103 IN 153 153 147 1475

Chitedze 132 12 1 132 114 98 77 8 1 102 128 153 146 134 1420

Chitipa 12 1 115 123 118 112 98 103 123 137 155 143 128 1475

Dedza 125 114 124 104 94 73 78 98 126 151 14 1 124 1356

Dwan gwe 136 126 135 126 110 96 98 120 142 172 171 155 1.586

Karonga 140 132 142 127 119 100 106 129 148 172 162 151 1626

Lilongwe 131 120 130 112 98 77 8 1 10 1 127 153 145 132 1408

Makhanga 171 154 158 128 103 78 84 110 137 167 170 166 1626

Makoka 140 123 127 103 91 72 77 99 127 151 146 136 1391

Mangochi 154 138 150 126 108 84 89 109 137 165 163 153 1577

Mimos a 147 129 132 106 92 7 1 76 100 126 151 150 143 1422
Mt imba 123 115 124 115 107 88 92 114 137 162 148 131 1457

Mzuzu 123 113 120 105 98 81 86 107 130 155 147 132 1397

Ngabut 17 1 149 148 120 102 78 83 109 136 166 173 160 1597

Nkhata Bay 140 129 135 122 112 94 38 123 147 176 165 150 1590

Nkhota Kota 138 127 139 127 114 92 96 117 13 1 170 166 148 1576

Sa lirna 143 134 147 130 113 89 94 115 14 1 171 169 153 1598

Thyolo 146 129 132 108 94 7 1 78 10 1 124 151 148 140 1422

b) Coeffi cient of variation (%)

Bvumbwe 5.2 8.6 7.4 6.7 7.1 2.6 4.3 6.1 2.8 3.6 5.9 8.7 1.6

Chichir i 6.3 8.1 8.3 6.5 7.3 1.7 4.2 6.6 2.2 4.0 5.9 8.3 1.6

Ch ileka 4.7 8.9 93 6.1 6.2 2.0 3.2 5.7 2.9 2.6 4.9 75 2.0

Chitedze 63 73 9.1 4.7 6.4 2.1 4.2 5.2 1.8 3.1 3.8 8.0 2.1

Ch itipa 53 5.4 5.2 5.0 5.8 2.7 1.7 2.4 13 2-4 6.2 7.2 1.1

De dza 5.6 7.7 7.9 53 63 2.8 5.0 63 2.1 2.5 5.2 7.4 1.8

Dwangwe 9.9 8.3 9.3 1.4 155 3.1 1.3 2.8 0.7 3.1 1.4 3.1 2.8

Karonga 6.2 6.8 6.3 5.3 5.0 35 2.6 2.6 1.7 2.2 5.4 7.1 0.9

Lilongwe 6.9 7.5 9.0 5.8 6.4 1.9 4.4 53 23 3.1 3.9 9.2 2.4

Makhanga 5.2 7.8 5.8 6.7 7.7 3.2 4.3 5.0 2.2 2.9 6.7 6.7 2. 1

Makoka 8.0 8.5 9.6 7.8 7.7 2.8 35 63 2.8 2.3 6.0 7.6 1.8

Mangoc hi 5. 1 9. 1 8.1 6.2 5.6 2.6 3.4 43 1.6 2.7 5. 1 8.0 2.1

Mimosa 4.4 9.6 7.0 8.8 7.6 3.1 4.7 6.4 2.1 3.0 7.3 8.2 1.9

It i mba 7.3 6.3 7.8 4.9 6.1 2.3 2.9 3.1 1.2 2.3 4.9 7.5 2.2

Mzuzo 6.1 7.0 9.0 6.1 6.3 3.9 3.1 43 15 1.8 5.7 7.8 2.3

Ngabut 3.2 7.0 6.7 6.4 8.0 4.0 3.9 5.4 2.2 1.8 6.8 6.3 1.9

Nkh ata Bay 6.8 73 8.2 6.7 5.8 4.4 3.7 43 1.9 2.0 5.8 9.7 2.0

Nk hota Kota 6.8 6.9 7.7 4.0 5.4 2.0 33 29 15 2-0 3.0 93 2.0

Salima 7.8 9.0 9.7 5.0 45 2.6 4.0 3.2 1.4 1.8 3.6 8.6 2_6

Th yolo 5.9 9.0 85 8.4 7.6 3.0 5.9 6.1 2.7 3.0 6.0 8.9 2.3

• 1973 1974

t 1973 - 1978 Co mputer pr in tout nomenclature : PT
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Table A 2 7 A ve nge monthly values of net mthation Rn  (water
equivalent) f or 1970-1978

a) Mean (mm)

• 1973 1974

t 1973 - 1978 Computer printout nomenclature : QN
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Table A 2 9 A verage month ly values of incoming short-wave radiation
Rs at the surfi ice (water equivalent) f or 1970-1978

a) Mean (mm)

Station Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Annual

Bvumbwe 243 217 235 205 235 175 191 233  264  289 260 236 2753

Chichir i 244 223 237 211 212 185 197 237 271 296 268 239 2830

Chileka 258 234 250 226 225 189 205 241 273  297  276 253 2925

Chi tedze 232 216 243 228 230 202 212 248 284 311 273 235 2915

Chit ipa 212 203 222 227 239 234 249 282 293 310 269 228 2966

Dedza  227  209 237 213 224 197 211  245  283 313 272 233 2862
Dwangwa• 233 212 233 234  727 227  232 267 294 326 307 266 3058

Karonga 236 226 247 229 238 222 238 277 297 325 290 250 3084

L ilongwe 229 211 240 224 229 201 213 246 282 309 271 232  2888

M akh anga 283 256 271 239 219 183 199 243 270 306 294 274 3037

M akoka 245 217 232 202 205 181 1% 234 274 296 267 236 2785

M angochi 26 1 235 265 240 237 205 217 247 283 316 29 1 259 3056

Mi mosa 243 225 237 203 204 172 185 231 263 290 268 244 2774

Mzi mba 218 205 228 225 238 220 232 269 297 324 277 233 2966

Mzuzu 219 202 220 201 213 197 211 256 287 316 281 238 2842

Ngabut 282 248 253 223 217 184 196 241 267 304 297 264 2976

Nth ata Bay 235 218 231 219 223 205 219 263 290 323 290 253 2970

Nkhota Kota 232 216 243  237  243  12 1  230 261 286 320 297 253 3040

Salima 242 228 259 246 247 218 230 261 290 324 302 260 3104

T hyolo 254 226 238 211 211 175 193 238 262 293 268 241 2810

b) Coeffi cient of variation (%)

Bvumbwe 6.4 10.7 10.0 8.3 9.5 5.2 7.4 7.2 2.8 3.9 6.7 9.5 2.1

Chich ir i 7.2 10.1 11.1 8.0 9.7 4.6 7.4 6.9 3.2 3.8 6.5 9.1 2.2

Chileka 5.4 11.4 12.2 7.5 8.4 5.4 6.4 7.2 3.8 3.2 6.0 8.3 2.7

Chitedze 7.8 8.9 11.7 6.6 10.0 4.4 7.0 7.2 2.1 3.6 5.2 9.6 2.8

Chit ipa 6.8 5.7 6.8 6.5 85 3.5 2.2 3.1 1.9 2.5 8.1 8.8 1.6

Dedza 7.1 8.8 10.2 7.1 9.0 5.4 7.2 8.2 2.3 2.7 6.3 8.7 2.2

Dwangwe 10.3 7.9 8.4 0.6 21.8 2.7 4.3 1.8 0.5 4.2 0.2 3.1 2.9

Karonga 8.0 7.1 7.8 6.3 7.0 5.3 3.3 35 25 2.2 6.6 8.3 1.8

Li longwe 8.4 9.0 11.8 7.8 10.0 4.6 6.9 7.8 2.3 3.6 5.1 10.8 2.9

M akh anga 5.8 8.4 7.5 7.7 9.3 5.7 6.5 6.1 2.8 3.4 7.2 6.9 2.7

Makoka 9.7 10.3 12.7 10.0 10.4 6.4 6.7 7.8 2.9 2.7 7.2 8.4 2.3

Mangochi 6.0 10.0 10.3 7.7 7.8 4.1 6.0 5.8 13 2.9 6.4 8.7 2.4

Mimosa 5.3 11.0 9.1 10.6 10.5 6.9 8.2 7.9 2.6 3.4 8.3 8.9 2.3

Mzi mba 8.8 6.6 9.1 6.1 9.0 3.1 4.1 3.7 1.2 2.8 6.0 8.6 23

Mzuzu 7.5 8.1 11.2 7.6 9.2 5.6 5.3 5.9 1.5 2.2 7.4 9.5 2.8

Ngabut 4.2 7.7 8.2 8.1 10.3 6.8 7.3 6.7 2.1 2.4 6.8 6.5 -2.1

Nkhata Bay 7.9 8.0 9.4 7.3 7.6 5.3 5.1 5.2 1.9 1.4 6.6 10.6 2.3

Nkhota Kota 8.0 7.3 9.6 4.7 7.7 2.5 5.4 3.7 2.2 1.1 4.0 10.5 2.4

Salima 9.2 10.0 11.9 6.5 6.6 2.4 5.6 4.2 15 1.8 4.7 9.9 3.1

t hyolo 6.9 10.6 10.9 9.9 9.6 6.4 8.7 7.8 3.7 3.5 6.9 9.6 2.9

• 1973 1974

t 1973 • 1978 Computer prin tout nomenclature : QS
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Appendix 3 Geographica l var iation s in com-
ponents of potentia l evaporation
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Appendix 4 Soil moisture recharge method

This appendix illustrates the practical applicati on of the soil moisture recharge
method to calculate actual evaporati on and yield from nine years of records at
Chitedze climatological station.

Tables A4.1 and A4.2 display the monthly values of rainfal l (Rt ) and potential
evaporation (Ed . An earl ier version of Penman short grass potenti al
evaporation (EpN) is substi tuted for Eii in this calculation, but it diff ers from
the final version displayed in Table A2:2A in Appendix 2 by less than 1%.

The least value of either R or EI-J- for each month is displayed as min ( Il i
1'

E1) in Table A 4.3. This latter value is subtracted from the Rij values to give
the values of Ru - min (Rip Eii) displayed in Table A 1.4.

Over each year the monthly values are totalled to give the values displayed in
the right hand column of each table. The mean of these latter values is
calculated over nine years and tabulated on the bottom line.

From Equation 4.2 in Section 4 of the report and Table A4.3, the average
annual actual evaporation AA E ' is found from

AA E ' = 623 + S (A4.1)

where S is the estimate of soil moisture recharge. From Equation 43 and
Table A4.4 the average annual yield (AA Y ' ) is found from:

AA Y ' = 360 - S

If S is assumed to take the value 120 mm, that is the countrywide mean
found for Malal ii by comparison with the catchment waterbalance, then it
follows that AA E ' = 743 mm and AA Y ' = 240 mm.
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Table: A 4.1 Monthly values  of rainfall!  R9 (mm) at Chitedze
climatological station

Table: A 4.2 Monthly values of Penman short grass potential
evap onztion Eq (mm ) at Chitedze climatological
station
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Table: A 4.3 Monthly valises of vaziabk mb: Rq, Ej (mm) at
Chitedze clim atological station

min(Rir Eii)

Table: A 4.4 Monthly values of variabk R - min Rip Eij (mm) at
Chitedze climatological station'

rain(RiyEij)

£ nOtki.E0
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