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ABSTRACT

River flow data for Malawi have been examined
in a regional analysis to provide methods of
estimating floods and low flows for engineering
) Co and agricultural applications. Floods for
28 stations have been analysed to produce (a)
a regression model for the Mean Annual Flood
on catchmen. characteristics and (b) a regional
flood freauency curve. An archive of daily
flows for 53 stations was used to produce
estimation methods for (a) the average daily
- i flow, (b) the flow duration cuive, (c) the low
7 flow freguency curve, (d) gcorage-yield E
| Y ' analysis, and f(e) recetss*on forecasting. This
study should permit the estimation of a variety
of high and low flow measures to be undertaken
in Malawi 1rrespective of the amount of hvdro- B
logical data available at the site of interest.' |
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1. INTRODUCTION

Background

Malawi's economy has expanded rapidly during the fourteen years .
since independence; this has brought about a corresponding increase in
water development, and pressure to provide more information on the
water resources of the country. The government department responsible
for the hydrometric network throughout the country has in the past
provided information about the behaviour of the rivers to individual
requests from outside enquirers,on an ud hoe basis, but this service
has suffered from a number of deficiencies. Many of these enquiries
concerned the extreme behaviour of the rivers, namely flood discharges
or low flows, which are unreliably measured on many rivers. In
addition, many of the rivers of interest to users did not necessarily

possess river gauging stations.

The most satisfactory sclution to this problem is obtained by a

" regional analysis of existing hydrological data. In very general
terms, regionalisation means the development of procedures for the
estimation of hydrological variables irrespective of the &iount of
data, if any, available at the site of interest. A regiona) analysis
allows the transfer of information from gauged sites to“angther site
where sufficiently detailed information is not available.. ’This report
- describes a regional study where the: type of information.required @
relates to extreme high and low river flows. SRR

This study was proposed by the Water Resources Division of the Ministry
of Agriculture and Natural Resources, Malawi Government; and was |
undertaken in cooperation with the Institute <f Hydrology, a research
station under the Natural EnvironmentiResearch Council, of the United
Kingdom. The part of the stiidies conducted.in the U.K. was financed

by the Overseas Development Administraticn of the U.K, Foreign'and"A
Commonwealth Office, and that part conducted in Malawi by the Malawi

Government. The study commenced o March 1978, and was completed in
May 1980. ' o

Aims

The aims of the studies were:-

() To provide methods of estimation of the reliability
of low flows in (i) gauged and (ii) ungauged rivers in
‘Malawi. Y | - .

- - RE ,’ju
(b} To provide methods of estimation of the frequency of floods
in (i) gauged and (ii) ungauged rivers in Malawi.

The resplts_gf the low flow study can be used in the design ofdintakeSy

reservoirs, and treatment works for irrigation, water supply, and e

hydro—electric‘pSwer—generation'schemes. The results of the flood - R
_ : _ RS AR T Sy T
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study will be useful for the design of bridges, irrigation headworks,
river training embankments, and reservoir or barrage spillways.

Analxgis methods

For the network of gauged stations the recorded fiows waere analysed
and the various measures of flow variability were presented in a form
suitable for design. The studies also provided other techniques by
which these measures of flow can be estimared for ungauged catchments,
or for catchments with only short records In the low flow study
these measures included (i) the flow duration curve, (ii) the low flow

frequency curve, (iii) the storage-yieli curve, and (iv) the recession

during the dry season. The flood studv DrOVided estimates of (i) the
~mean annual flood and (ii) the flood irequency CULVe for the estimation
vf fivods of other return periods.

, Although the measures of interest'ere differen. for the two studies,
the basic method of analysis was similar:-

(a) Selection of suitable gauged catchments;

(b)Y Detailed scrutiny of data to assess rellabillty of the
records;

(c) Extraction of low flow and flood measures from ‘data records
for these catchments;

(d) Extraction of catchment characteristics from suitable maps;

(e) DeVelopnent of relationships between extracted flow measures.

and catchment characteristics, or countrywide mapping of
" flow measures. |

Items (a) and (b) were undertaken by the Water Resources Division;
items (d) and (e) by the Institute of Hydrology, and item (c) jointly.

The studies of Malawi records were, mode’l*d on the techniques
developed by the Institute of’ Hydrology for pxevious studies of United
Kingdom data (Natural Env:rdnmpnt Researrh Counc11, 1975% Institute of
‘Hydrology, 1980) . Certain mOulflLdL1hnS were 1ntroduced ‘Sonie in
order to analyse data from a qiffereJt climatit reQime; others beceuse
certain relationships developed in U.K. did naot, hold ’or Malawi.

e R . ,‘ "-i:"i'.' R SN IR
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Malawi is lccated at the southern end of the masL African r:ft valley
which dominates the topogxaphy of the country (Pike and Rimm‘notnn,
1975).. . Lake Malawi, .the third .largest lake 'in Africa occuviés the .
northexn two tih :Lrds, of this: section of the rift.: The lake dg at, an
altitude of 4”0 n and its cnly )utlet, thegﬁivor Shir,h,drainsF””"
‘_southurds to the lower rift Vailey at, 00 m- altitude, befure”joining
. the’ Zanbezi- River (World Meteorolugical Qrganisation,ﬂlgfj ff I
rivers in MalaWi dra in eventuallv tn o hhse, qnire‘n"ver 'ercept those“ ‘

t;\‘
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" 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 rjvers of

Mozambique.y . o - i.“

\ Kt

The topography of Malaw1 is particularly varzed but the cauntry may
be ‘divided into four broad hydroiogical zones (see figure 1. 1) as

follows:-
{a). plateau

(b) highland =~

't

(e) escarpment g
{d)  rift valley

The plateau is at’an altitude of between 9C0 and 1,200 m and features
broad undulating plains. The ‘underlying rocks are those of the = ~
Precambrian Malawi Basementv Complex. The climete is temperate, and

the original vegetation is Brachystegie-Julbernadia woodland.

However, .these are the most densely cultivated regions of the country,
and little of the original woodland remains. An important feature of
the plateau is the dambos, broad grass- -covered swampy valleys which

7 overlie impervious strata and which become saturated with water during
'the rainy season. “These dambo areas exhibit: @ peculiar hydrological

behaViour, which sets them apart from all other types of catchment
wi thin the country. . | :

v

““f”-Tﬂefhiqﬁlann riseS'ahruptly from the plateau,reaching altitudes'of
v;;betneen 2, 100 and 3,000 m. The underslying rqcks are granites,

phyl]onites or,syeno-granites. The climate 1is cool, and the natural ,
vegetation is forest relics and open grasslmid. These areas are nowﬁf
tﬁer\forest reserves or game reserves, paritly covered wit h exotic

trees.g' : : e

The rift valley is mainly covered by aiiuvial=depesits of the
Quaternary Age. The climate is semi-tropical, and the ‘original vegeta-
tion is mixed savannah woodland. The most favourable soils in this

.zone have been developed into irrigated rice and sugar schemes. ra

\L(\‘//') PRI 1

The escarpment marks the boundary between the plateau and the rift

valley; Jt drops down in a series of shelves, and is an area of major =
faulting. Consxderable portions of the escarpment are protected by
forest or game reserves, but pressure to secure arable land results’

~in some steep land-forms being cuthivated outside these prctected

areas. | \

.derolggx o | | } ﬂ

The variation in the average annual values of the primary hydrological
variables measured on the catchments used in the studies (Hill and Kidd,

1980) is summarlsed beiow--

L v
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- highlands to 2300 mm along. the rift valley (Van der Velden;'l

Variable : Mean Minimum Maximum
{oum) (mm) {mm)
Rainfall - 1130 - 710 2100 S
Runoff 31G : 37 980
Actual evaporation 820 - 630 1100

However the rugged topcgraphy, ranje of altitude, and the téhperature
reservolr of Lake Malawi all ensure that climatic conditions are complex -

(Agnew and Stubbs, 1972).

In most areas the rainy season extends from November to March, with
the maximum in January, resulting from the general migration of the
Inter-Tropical Convergence Zone. Convective rainfall over the land
occurs normally in the afternoon in the form of lncal thunders torms.
However, along the lakeshore, storms are commonest in the early
morning due to convection over the relatively warmer waters of the
lake. Rainiall is also strongly influenced by orography, and the
highlands and escarpments directly exposed to the prevailing south-
easterly winds receive an annua’. rainfall which can be three times
that of adjacent areas. This effect is particularly marked in April,
with the northwards retreat of the Inter-Tropical Convergence Zone,
when these areas receive their maximum monthly rainfall, while all

other areas .receive.»only light showers.

W .

Two other types of rainfall also occur. 'Firstly, occasional torrential
Aownpours are associated with-the movemznt iiiland of tropical cyclones
fvom the Indian Ocean. Secondly, infl{w of ¢ool maritime air causes
orographic rain, known locally as "chiperoni", over south-east facing
highlands and escarpments; this effect is particularly apparent when
contrasted with the otherwise fine weather of the dry ‘season, which

~ extends from May to October. o

‘The average annual runoff exp:i'-é:sséci_ﬁ as a percentage of the average

annual rainfall varies between 4% .and 54%. The lower runoff occurs

in the drier parts of the plateau, where the streams dry up or remain |
as stagnant poolt for between one and six months every year. Higher
runoff occurs in the highlands, where mpst streams are perennfal. "

i R - ) ;i.ff." T - - '< T : ‘ .
The values of average annual actual evaporat.cn may be contrasted with
average annual pan evaporation which ranges rrom 1100 mm in the
| 9k b
The average annual evaporation from Lake Malawi has been éstirriét“éﬁ‘-f"f :
as 1610 mm (World Meteorolegical Organisation, 1976). o - o
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“2.  FLOW DATA

liydrones £ xic \recordg : .

In Novesmber 1979 there were 159 river gauging stations operating in
Malawl « The network covers most districts of the country, with the-
density of stations highest in the south. The earliest station was
opened in 1947, and some of the most important stations have more than

SR 2 % “nyjear=s of record.

S _ There is a great vanety of controls at these stations, rang:.ng
" froma v-notch or compound weir, through a solid rock bar or boulders
infilled with c.onc.rete, to shifting shingle bar, sand bar, channel
conttod. ,  or-even- no visible control. . The gauge boards are nomally
read twice.a day by a villager living close by. At 54 stations these
_readings  are supplemented by charts, ma i .Ly monthly, from automatic

o recorders., o

'lne rec:ords from 55 stations had been selected previously for computer -
proceas;a.ng under a contract with the Southern Water Authority in the.
UK. .These sta,u.ons had been chosen either. bthcause of their importance
as. moni.tors of tne country s water resources or because of the high ’
quality” ofuthu.r record. The proce.,sed records up _to a common end- date
of petober ;’1975, ‘which are stored as daily d:.scharges on magnetic
tape, wexe uun\. as busic data for the low, flow study.
;-‘I at

oelecti.cm of catchmen Ls

A i W . o . . .
Ansélection ‘0£ stet/z.or records was made for the low flow and flood
atidies 3 Cdetails axe giveniin Table 2 .1 and Figure 2.1, Fifty three

J statiorus «+ere used fori.the low Elow study. These correspond to. the
55. stat:.:rons whose records wera processed by the Southern Water Authority,
leas,tlxo.:e{ for stati¢,s t.C.2 Lilongwe and 9, A7 Lufira., Three stations,

| namelﬂ i.D.l (Rua), 1. G.1 (Shire) and 1.B.l (Shire), had low flow R
measnfes Jbstracted from their records;, but were not included in the = «

R J regjona.l anaiysi.s.., The Ruo station was excluded because half the S
AT hceli:chmt.v:x*- 1iés in ‘Mozambique, so preventing extraction of catchment
'.haract:eristics. The Shire stations vere excluded because their low .

o floas axre dommated by the effects of Lake Malawi

;Y . r,.,, o t‘u" IR oy

i . .
: . . 4 “

}'__,"'5 e Frum the distribution of low flow statioris shown in Fiqure 2.1, it may -
R L be seer. “that there is a need for more low flow stations *n--- o
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Station
Ref. NoO .

1980

pre June

post
Jun '80

River

Iow Flow Study

‘Flood Study
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Grade
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Station low Flow Study Flood Study
Ref. No River . ‘
Years Grade Years Grade
pre June  post | |
1980 Jun ‘80
6.C.1  6.C.1 Dwangwa 14 B 19 B
6.£.6 16.E.6  Dwambadzi | 10 A
6.E.7 16.E.7 Mlowe 7 D
6.F.1 16.F.1  Limphasa 22 "B 10 D
6.F.2 16.F.2 Luweya Y 14 B 14. B
_6.F S5 - Luchelemu M7 A 20 D
6.F.6 1b.F.6 Luwava A6 A i8, E
6.F.10 16.F.10 Luchelemu 16 = B
7.A.3 7.A.3  South Rukuru 18 B 18 c
7.A.4 7.A.4 Mzimba 11 A |
7 c
7.D.3 7.D.3 Lunyangwa 22 c 24 E
7.0.7 7.D.7 Kasitu - | 23 D
7.E.2 7.E.2  South Rukuru 15 D o S
7.F.1  7.F.1 Runyina 20 B .
7.F.2 7.F.2  ,Chelinda 16 B - 17 . B
7.F.3 7.F.3 Runyina 9. A
7.6.2, 7.H.1  North Rumphi 19 B e
7.G6.3 7.G6.3 Muhuju 10 B S
7.G.11  7.G.11  Xambwiya 20 A
7.6.14 ~ 7.6.14  South Rukuru 18 S c
7.G.15 - l(aziwiziwi * 11 A
7.6.25 7.B.2 Kaziwiziwi * 4 B
8.A,2 8.A.2 Nort:h Rukuru = 22 "B 23 D
8.A.5 8.A.5 North Rukuru , 9 "B
g.c.5  8.C.5 Wovwe B B o
8.c.6 17.C.6 Wovwe S E
9,A.2  9.A.2 Lufira 17 ‘B

* 7.G.15 and 7.G. 25 were combined and treated as one continuous

j station.

Table 2,1 (continued)

!

List of st.atione ueed in 1ow flow and flood ‘_ - o

gtudies.
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(a) tiwe Karonga and Chitipa areas north of the Nyika highlands
(b) the lakeshore area between Chintheche and Chia lagoon

{¢) maach of the area south of Lake Malawi

All 159 curxent stations were reviewed for possible inclusion in the
flood studsr- The majority were immedlately eliminated, principally -, 3
because at high flows either (i) there were insufficient data to conszzuct
stage-discharge ratings or {ii) stage readings were missing or unreliable.
The remainimng 54 were reviewed in detail and a further 24 found to be

of inadequate quality. Data from the remaining stations were thoroughly
reviewed as described below. Of this total of 30 stations, 20 were

common to both the low flow and f£loeod study.

For a countxy with such diverse topography and climate, a total of 30
stations is barely suificient for a regional study, but the 30 stations
do include Tepresentatives of all of the major hydrological zones,
with the exception of the low rainfall areas of the southern escarpment

and rift valley in the South. For a good multiple regression analysis,
it is necessary to have as wide a warlation as possible in each variable,

and the 30 = tations do show considexable variation.

From Figure 2.1, it may be seen that the number of flood stations is
inadequate ine ‘

| (a) the Karonga and Chitipa areas north of the Nyika highlands
"(b) the streams originating £xom the Nyika highlands

(¢) the whole region south of a line between Dedza and Salima.

“‘
Iy

Low flow inEformation

' The computeX tape containing the daily discharges that -had been
ratuyrned from the Southern Water Awuthority was sent to the Institute
of Hydrology - In addition, a large quantity of corrections to the
daily dischaxrges were discovered on checking of the computer listings,
and these coxrections were also provided. The rating curves used for
the computrx processing of twice - daily gauge readings were accepted
without further amendment for use in the low flow study. The quality
of the rating curve was assessed as (i) well-defined, (ii) mediumly -
defined, or (iii) poorly - defined according to the criteria shown
in Table 2.2 . If a particular rating curve was extremely poor, that’
period of record was recommended to be omitted from the low flow

analysis.

; . . i }f ] B - H

Upstream inf luence affecting the record were grouped into the four

major categoxies: (a) surface abstractions, (b) surface -effluents,

(c) ground-water absiractions, and (d) reservoirs. The combined effect
- of these influences was labelled (i) negligible, (ii) minoxr, or
v (144) major, relative to the normal low flows in the rivers. No
attempt was made to correct the daily discharges recorded at the




10

Rating curve quality

Comments

Well - defined:

Mediumly - defined:

Poorly - defined:

Discharge measurements at all gauge
heights at lower end of rating curve.
Scatter confined to + 10% of variables.
Theoretical weir formula with several

- check discharge measurements.

Discontinuous discharge measurements along
lower end of rating curve, scatter more

than + 10%, but curve still fairly obvious.
Theoretical weir formula with few or no

check discharge measurements. 4

Few discharge measurements, widely
scattered, and pesition of rating curve
open to subjective decision.

Table 2.2: Criteria used to judge qualiﬁy of ratiqg curve at a low

flow station.

Effect of upstream influences

Rating curve quality Negligible Minor Major
Well-defined: A B c
Mediumly-defined: B C D
Poorly-defined: C D E

Table 2.3: Criteria used to allocate grade to records from a-low

flow station.
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gauging station by adding the abstraction flows or by ‘subtracting the .

effluent flows. Fortunately, Malawi river records generally commenced:

before these upstream effects were of much consequence, and the majority .
of records represent the natural state of the river. However, these '

11

upstream influences are now starting to make an appreciable change to - . , |

the low flows in parts of the country.

The grade letter allocated to a low flow record is based both on the
quality of the rating curve and the effect of upstream influenceg, as
shown in Table 2.3. 'The grade may be adjusted subjectively by up to
cne letter taking into account the quality and continuity of the gauge

readings themselves.

Flood information

The stage-discharge rating for high flows at each of the 30 flood
stations was thoroughly reviewed. For just a small number out of
those stations common to both studies, the  established rating curves
as used in the cemputer processed daily data for the low flow study
were also used in the flood study. 'Recént’ flood measurements were used
to improve earlier ratings wherever the hydraulic: control could be
considered to be sufficiently stable. Coo e e

n
iy
g

The twice-daily records were carefully scrutinised, and the stage
reading giving the maximum flood in each water-year . (November to
October) was extracted. Since so much reliance is placed on single
obserwvations by gauge readers, these were checked very carefully, and
cross—checked with both rainfall records and with stage records from
neighbouring stream-flow stations. Very few reliable chart records
were awvailable, but, where possible, these were used to confirm the
maxima, and extracted as above to provide stage readings for

ins tantancous maxima.

The masximun flows were calculated and tabulated for each available
year of record. Where the gauge-reader's notes, or chart records or .
other information such as wrack-marks provided a gauge height of an
instan taneous maximum this was tabulated too. These were finally
combined to give the highest estimated flood in each water year.

These highest floods were tabulated, together with comments relevant
to their interpretation, the grid reference of the gauge and its-

catchment area. Each station was then given a reliability grading,

based principally on the quality of the flood rating, but modified
by a subijective assessment of the quality of the gauge readings, as
shown in Table 2.4. Dates of the maxima were also given so that &
check could be made for independence of events when combining them

in a regional analysis. N

Details of historic floods from outside the period of record were also
included, but these were generally of very low reliability.




Comments

Stable, well-defined rating. Good control.
High discharge measurements taken by current
meter.

Stable rating defined over most of its range.
Good control. High discharge measurements taken
by direct or indirect measurement.

.~Shifts in rating at low flows only. Rating
defined at upper limits

Shifts in rating at.low and medium flows. Rating
defined at top end.

Shifts in rating. Rating extrapolated to high
flows.

Table 2.4: Criteria used to allocate grade to records from a flood

station.
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Data quality \

The full list of catchments usecd in tne low fiow md flood studies is
shown in Table 2.1, Against each station is shown’ t.he length of record

and grading allocated for each study.

The length of records used in the low flow study was found by ‘taking
the difference between the start and finish year of the record un the
computer tape, less any complete years recommended to be omitted from
the analysis, less any complete ycars of missing data on the computer
tape. Subsequently data corrections were made to the computer tape,
but socme other single months still remained missing. Calculations
of certiin low flow measures require additional years of record to be
omitted due to critical missing months, so the length of period should
in this case be taken as only an indication of the maximum period of
usiable record available. The length of records shown for the fluood
study is the number of annual maxima. for thosé years during which the

station was given a grading. \5‘ i

1
1
1

Lengths of record for the two studies are surmnarized below: -

bl o s

v ‘{/

'I‘ype of study Length of record (years) ' o

26-30 21-25 16-20 1115 6-10 1-5  Totai
Low flow . - 17% 40% 23% 9%  11% 100%
-Flood 7% 30% 30% . 10% 206 . 3% . 100%

‘The low flow records have a mean lengt.h of 15.0 years with nearly two

thirds of the records falling within the 1l to 20 year bracket. ~There .

is a minor peak in the 1 to 5 year bracket due to some of the processed

gauge board records at the chart stations being arbitrarily confined to o
5 year lengtiz. The flood records have a mean length of 17.2 years.

The percentage of records with lengths below 1O years is similar tc that ..

of the low flows. Although the percentage of flood stations with recorcis

over 20 years is more than twice as much as that for low flow stations, -

the actual number of stations is very similar at 1l and 9 respectively,

of which 6 are common stations. The secdndary peak in the 6 to 10

year bracket is partly attributable to the construction of bridges within )

the road building programme in recent years.

Grades allocated to each station are summarised below: g
o . . . W3
Type of Study B Grade . | s\\
A B ¢ D E Total - \\
Low flow - 19% 42% 28% 9% 2% 100% T
Flood 13% 30% 20% 20% 17% 100% " -

It is noticea.ble that few of the stations common to both studies share
good grades, and there is only one s%ation, 4,B.4, Dlamphwe,,which

features an A grade for both. The grade ¢f the low flow stations
varies from A to E; the grade varies enormously, grade A stat:.ons bking

of very good quality, but grade E being of very poor quality. - Sometof e i
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the reascns for poor quality low flow records are summarised helow:- _
(a) silting up of gauges, particularly at the foot of tho .
escarpment in recent years; |
(b) unstable controls such z's-gravel or sand bars, leadirg to .
- annual change in rating cv sreg
- (c) gauging stations being visited infrequently by field teams; .
(d) lack of information shcets showing changes of gauge zero
- or location of gauges :I.n past years; .
| (e) ‘data processed up to 20 years after observation; &
(f) theoretical rating formulae for weirs not checked by
discharge ueasurements. '
Although the estimates of flood maxima represent’thewbest information .
available it should be recognised that the quality is generally not .
" very high, with only 43% of stations being Grade A or B. The principal
reasons for poor flood records are:- o
(a) Some ga‘.aging stations inaccessible to vehicles during the -
wettest months; ' ‘
(b} doubtful slope-area estimates of peak discharges,_ | .
. (c) £locd peaks on flashy escarpment and other small catchments
. 7 passing the staff gauges without being recorded;’ .
K} | {d) gauge readings often fabricated or taken bnly once per
(e) outflanking of control section; .
(f) gauge washed away or overtopped; -
(g) data”processe’d up to 25 years after observation; . .
I r/ 0
d " (h) lack of high flow measui Lng structures, such as ca.bleways, N
\\‘ : bridges or ‘Lraverse gears; A : S
} . (). frequent occurrence of floods at night-timv Ol the lakeshore, !
W when survey teams are not working;
() silting up of stilling wells during the flood seasor‘. ?.

\\

Y . V. : A

'l‘; -




be sketched on 1:90,000 sefies map(s)
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3. CATCHMEI'J’J; CHARACTERISTICS

Introduction

The hydrological response of a catchment may depend on several factors
including its size, the slopes of the stream and the land surface, the
density of the drainage network, the soils covering the catchment and
the underlving geology . Though there is no hydrological theory
available to predict how a catchment will behave from a knowledge of
the above factors many investigators have been successful in deriving
empirical equations relating flow statistics to numerical measures of
catchment characteristics taken from maps. It is often the case when
A project 1s being designed that no tlow data are available for the
site. In this case, the catclment characteristics may be measured off
maps and the empirical equations used to prov:l.de est1mates of flow
statistics required for projpct design.

The Water Resources Division ;provi’t‘.e@_ '{i)":a"complete set of 1:50,000
series and 1:250,000 series topographic maps, and (ii) maps showing
climate, gecleqgy, seils AnA agricvlsnre, from which the Institute of
Hydrology ‘measured the catchment characteristics. Detailed description

'of the procedures to be’ used in measuring catchment characteristics
_....are ga.ven below, . It is J.mportant that those using the results of this
" study should undérstand these procedurzs and follow them carefully.

Characteristics describing -catchment size, slope, climate, density of

the stream network and the amount of dambo énd swamp were used in the

study. No indices of geology or of soih other than the dambo measure,

were used. While it is recognised t‘hat ‘such indices might be

important in estimation of flow statl stics they are not suitable as

catchment characteristics because they do not easily lend themselves

to simple estimation from maps. This does not mean that users of the =~ 0

methods deséeribed in this report should ignore such information, which Mo

can often be used subjectively. A separate detailed description of
the various characteristics is glven beJ.ow and Table 3.1 lists the

values for each of the stations.

it

Catchment area

Catchment'!area is a fundamentally important characteristic for the
simple- reason that large catchments have in general higher values of

" flow statistics than small ones. For most catchments, the area was

supplied by the Water Resources Division. The Institute of Hydrology

‘cheéked the area for scme catchments, and in these cases the area was

measured from maps of the 1:50, OOO series using a D-mac digitiser.
Catchment areas are quoted in square. kiloines mes, and this variable is
called AREA. Under normal ciroumstancafs,, '_f“c. ,':atchment divide should

planimeter or square countlng’

Uy

N
........
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davio o0

Station AREA STMFRQ 51085
(kn?) (km ?) (m/km)
1.8.1 120 200 - -
1.0.3 1400 1.65 2,31
1.0.10 62.3 3.72 78.6
1.0.11 1700 - -
1.D.14 10.6 7.45 47.5
1.D.23 500 3.22 8.61
1.D.24 6.°.5 3.68 15.3
1.F.2 45.5 3.50 3,61
' 1.6.} 148 900 - -
1.K.1 1680 2.05 5,97
1.R.3 748 2.87 12.4
1.R.18 7.0 1.71 83.0
2.B.8 18.1 1.99 50.0
2.B.21 144 1.59 13,3
2.8.22 02 1,05 ii.d
2.C.8 75.0 1.07 14.1
3.E.3 452 2.80 5,90
3.F.3 224 2.07 ©'.33.9
4.A.3 " 434 1.97 Hoe 4812
4.8.1 ., "80 Comer B4
4.8.3 ., 0 SN 385
4,B.4 1 wQ Clewrt e 002,08
4.0.4 1870 o 2.06
4.D.6 763 o JABy . 4,43
4.E.1 928 .19 2,97
4.E.2 585 .144 3.25
4.F.5 159 .585 6,88
5,A8. w7 2,12 4.2
5,B.13 430 1.93 7.14
5.C.1 10 500 .324 1,59
5,D.1 M1o .164 0.52
5.D.2 6790 .076 0.92 .
5,D.3 233 .159 7.60
5,E.1° 147 .333 6.11
5.E.2 48 .178 5.46
6.C.1 2980 .304 2.02
6.E.6 178 1.34 20.7
6.E.7 113 .91 14,2
6.F.1 61 .762 11,3
6.F.2 420 .895 10.6
BuF.S . 297 .963 21,7
6.F.6 114 .588 9,56
6.F.10 1138 .957 23.6
7.5.3 - a3 .361 4,78
7.A.4 269 1.49 10.5
7.D.3 513 1.23 3,74
7.0.7 2280 - . 951 3.71
Bl 6640 .451 0.61
7.F.1 880 1.24 1847
7.F.2 {76 1.50 20.0
7.F.3 . 602 1.79 7. 221
7,6.3 7 39.4 1.47 103
7.6.11* 119 1,24 13.8
*7.6.14 11 80O . 600 0.51
7.G.15 . 117 2.03 - . 40.3
e!Al:z 1760 1!62 4” 15n4
" B.C.5 165 1.76 56,2
g.c.6 . 313 1.29 43,5
9,A.2

1410 2.06 = 9.55

" Table 3,1t Catchment characteristics
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.284
.215
.272
.100
.032
126
117
.006
.000
.031
.065
.024
.000
.04
.069
.000
.023
.020
099
.007
.007
.002,
i°65 .:J
.m
.000

.024
.009

AAR

{mm)

1110
2800

2090
1070
1240
1300

990
970
1080

2060

1430
£330
1280
1000
1000
990
880
glo
B30
930
940
8l0
840

870
1120
1100

300

900

710

930

910

745
loso
1300
1300
1480
1090
1240
1130

810
1230

1210°

980
990
920
1260
1320
1200
1370
880
1360
910
1350
1060

‘1180
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Stream frequency
”.Drainage density is a measure of the degree of development of the |
. stream netwoerk, but it is difficult to estimate simply. Use is
« therefore made of the strong'correlation between drainage density
 'a@ stream frequency (Melton, 1958}, since stream frequency is much
"simpler to measure. All cother things being equal, one would expect
"floods and lower low flows than c.atohments with low values. It is.

. Ldiv:.ding by catchment area in square kilometres.,, This stream fregquency
' Var-iable is referred to as STMFRQO. The method to be followed in :
Lo measuring stream frequenr-y is as fo.rlowq- .

‘mjoxr junction. Where the stream passes through a dambo, swamp or
‘cin be sketched in and the junctions counted. Where the headwaters

Loand up 'any:side lobes and count the junctions. so produced. ‘Divide
“the number of unct:.ons counted by the catchment area in square

“kilometres. '
i SioE SRy : P
- The =1ope of catchments was indoxed by the si'ope of the main stream. .
slope need be measured because’ it is closely correlated with- tributary

] -slope and valley side slopes. 'The slope measure used is that defined B

v« percentiles c¢f the mainstream length, measured upstream from the: .,ite

J'hiqher floods and. lower low flows than flat catchments. = = . 07
o “1*: this study, the Institute of Hydrology measured these slopes—irom- >

i ..U[,leio 000 maps by means of a D-mac digitiser and a computer program
£ simulating the divider method describedé below. Users should follow.

" yse the latést .available series ofithe 1:50,000 scale map(s) .*

tatchments with high values of stream frequency to exhibit higher

reasured by counting stream junctions on.a l: 50,000 scale map and

Select the latest available 1: 50, 000 scale maps of the catchment.

tount the natural stream junctions goirig upstream from the site of
interest, which is also counted as a junction. It is best to work.
progressively up =ach tributary, marking the running total at each

la:ce it is often not marked; however the arrangement of stream channels

of @a siream are in a dambo, sketch a stream up the .centre of the dambo

The overland slope of the baqm can only be measured by a tedious,
grid sampling technique. Benson (1949) has shown that only mainstream :

slopes, and Strahler (1950) hLas demonstrated the correlation of channel

[
‘i

by the US.Geological Survey and is .the slope betwecn the 10 and B85

of interest to the ‘end of the blue line cn.the map.” This definitio
excludes the highest and lowest gradients at either end of the stream.
All other thlnga being equal, one would expect steer catchments to have

) IS ‘t A

.‘r‘r\

the following procedure.l

Choos‘,e the mainstream from tlie maps. Usually this is ‘the longest -
stream in the’basin but, in cases- of difficulty, work upstream
and at each junction follow the stream draining the larger area..

) Distances are measured upstream from the gauging station with a

" pair of precision dividérs set to 4 mm (0.2 km on the 1:50,000 map)
and the dist:a.nce to each contour is tabulated agai.nst its elevation




Once the total length of the stream, to the end of the

blue 1ine, is known the lengths and elevations of the

108 and 85% points are used to calculate the slope which is
. expressed in parts per thousand or metres per kilometre.

This slope measﬁre‘-‘.'i:é-s referred to as S1085.
Dambo

i :
'me*propor_éion ot the catchment area falling within a dambo or swamp
was meagured off the 1:250,000 series maps. Dambos are broad grass-
covered svampy valleys which form a dominant topographic feature of

the plateau. Balek and Perry (1973) have investigated dambos in
'gambla, Originally the dambo and swamp proportions (the latter is

very small) were measured separately, but it was eventually found more

‘convenient to add these proportions together. In general terms, one

would expect dambo to damp floods and augment low season flows, although
it was observed that only the first of these effects was significantly
apparent, This combined measure is referred to as DAMBO, and is

dimensionless .

Average annual rainfall

The average annual yield of a catchment depends heavily on the average
annual rainfall. It was originally proposed to measure the average
annual rainfall off the 1:1,000,000 scale map "Climatic Regions of
Nyasaland" dated 1959. However, this map proved to be unsuitable as it
was based on too few data and lacked detail. Instead the average :
annual rainfall for each catchment was calculated from available daily
raingauge records using Thiessen polygons. Two or three gauges were

~ysed for each catchment; comprehensive details of this analysis are
“given by #111 and Kidd (1980). :

At the time of going to press, a map of average annual rainfall is
being prepared by the Malawi Meteorological Ctfice and should be used

in applying the results of the work described in this report. The

method of estimating catchment average annual rainfall is as follows:-

Trace a map of the catchment boundary and overlay it on the
rainfall map. Measure the area between each pair of rainfall
ischyets on the catchment using a planimete:: or by counting

squares on graph paper. Associate with each area the average,
rainfall, of the two bounding ischyzts and calculate the catchment
average rainfall according to the formula:

A, R
i=1

[ 1 o =

L
a

where R is catchment average annual rainfall,

A is catchment area,

Ri is the rainfall on the ith segment of the catchment,

Ai‘ is the area of the ith segment,

and n is the number of segments.

o F B B B B B3 | !
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the units are millimetree.
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Until a suitable map is available, it is recommended that average
annual rainfall be measured from available raingauge records using
Thiessen polygons. The average annual rainfall is called AAR, and : '

P

' Escarpment i : ;

This is a so-called dﬁmmy" variable: stations on or immediately below

the escarpment as defined in Figure 1.l were given the value unity and

all others the wvalue zero. No account was taken of the proportions of

the catchment area on the'escarpment or on the plateau above, the

criterion being simply the position of the gauge. However, all the '

stations studied had a large part of their catchment area on the .
escarpment. This variable was only used in the flood study as a means

of studying the possibility of further regionalisation, It is referred

to as ESCARP, and is dimensionless. . ,

Use of the catchment characteristics

As will be seen later, only AREA, STMFRQ dnd AAR are in fact used.

in the recommended estimation procedures described in chapters 4, 5

and 6. The other characteristics are described for completeness. -

As was discussed in the introduction to this chapter with respect of
geology and soil type, an appreciation of catchment characteristics

not directly used in estimation techniques can lead to useful subjective
insights in a particular application. This is particularly true where
comparison is being made with flow data collected nearby.

ST
Pravily o
Ly e

4:  AVERAGE DAILY FLOW

pefinition of Average Daily Flow (ADF)

| per year over the catchment. These two variables are zelated by .

where AREA is the catchment area in xm2.

All the low flow measures described in chapter 5 are expressed as a
percentage of the average daily flow f£rom the catchment. The average .
daily flow (ADF) is defined as the long-term average rate of runoff

from the catchment and is expressed in cubic metres per second. It is

normally estimated by averaging the daily mean flows over a sufficiently

long period. A related variable is the average annual yield (AAY) which
is the average annual runoff volume expressed as a depth in millimetres =~ . .=

AAY x AREA
T 150
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_Kidd (1980) have derived a nonlin
‘for loss of yield due to dambo. Equation 4.2 ‘will be improved as more

Evaluation of ADF from runoff data

The runoff for any particular year from a catchment depends strongly on
the catchment rainfall for that year, and, because the annual rainfall .
is extremely variable, then the annual runoff is correspondingly variabie.
For a reliable calculation of ADF from flow data alcne, a minimum of

5 y'eai;s,'qu data is desirable. An examination of the rainfall over chis
period in relation tc its long-term mean could suggest whether this
estimate of ADF is high or low in comparison to its long-term mean. If
it is considered necessary, an appropriate adjustment can be made
accordingly. The ADF was estimated from runoff data for the 52 stations
in this study, and is tabulated in table 5.1. No adjustment was made "’
for variation in annual rainfall over the period of record. -

Evaljuat:.ion of ADF from rainfall data

When insufficient flow data are aviailable, ADF can be derived from rain-
fal] data by an empirical equation. An examination has been made of the
relationship between annual yield and annual rainfall for 47 stations.
In this analysis, a number of raingauges, usually two or three, were .
chosen' on or near to the catchment in question. Annual rainfall totals.
at these gauges were lsed in Thiessen polygon analysis to estimate the
annual ‘catchment rajnfall corresponding to the annual yield calculated
from the daily flow' data. Wh -e either rainfall or flow data were
missing for "a given year, this year was rejected, .and some stations were
rejected because there were no suitable raingauges. Catchwént averages
of annual rainfall and annual yield over a concurrent pericd were thus
obtained, and these values for the 38 acceptable stations are shown in
table 4.1. More details of these analyses are given by Hill and Kidd

(1980) . | =N J. e

As might be expected, there is a strong relationship between rainfall
and yield, as shown in figure 4.1. A regression of average annual yield
on average annual rainfall yields the following equation:: '

MY = O.71AAR - 430 = 0.71 (AAR - 690) oy 4.2

W

This equation has a correlation coefficient of .93 and a sté‘hdar_gi error .

of estimate of 90 .mm.

The above linear relationship is naturally unrealistic as rainfall _
approaches 690 mm. In practice, one would expect a nonlinear reiationship
between AAY and AAR, as demonstrated by Midgley and Pitman (1968). 1In
this case, this trend tends to be masked by the presence of dambo in
catchments having low average annual rainfall. Equation 4.2 should

therefore be used with great caution for AAR below 800 mm. Hill and
' ear equation wherein allowance is made

" data become available.

 fhe estimate given by equation 4.2 is not as accurate as might'be

' desirable, especially in view of the

o

fact ‘that it is at the basis of all
the low flow estimation procedures. The equation should only be used
in conjunction with a‘subjective appraisal of adjacent catchments hawving



Station annual
average
rainfall

1.D.3 1110

1,D.11 1280

1.D.14 2090

1.0,23 1070

1.D.24 1240

1.F.2 1300

1,R.18 1080

2.B.8 2060

2.8,21 1430

2.B.22 880

2.C.3 1730

2.C.8 1280

3.F.2 1000

4.3.1 88~

4.B.3 910

4.0.4 “'930

4.0.6 .  940.

4.EL 7 ble

5.A.8 870

5.0.1 900

5.2 900

5.0.3 710

S5.B.1 930

5.E.2 ‘910

6.C.1 740

6.F.1 1300

6.F.2 1480

6.F.5 1090

6.F.6 1240

7.D.3 1210

7.E.2 930

7.F.1 920

1.F.2 1260

7.6.2 1320

7.G.11 1370

7.G.14 - 880

8.4.2 910

8.C.6 . 1060

mean - 1130

g.d, 320

annual ‘
avexage
vield

193
395

978
270
332
370
199
o983
429
=08

882‘["!4‘ St
ER T fm
312

je

337

133

192
155

182

82
298

- 83

73

53

228
11¢

37
403
500
260
340
232

40
233
348
66l
625

81
227
428
3089
247

- potential -

E
o

1710
1800
1500
1800
1800

11930
650

| o 152;;}_’_: e
170c
150C .

1520

i'’730

1790
1630
1700
1720
1730
1960
1890
1930
1780
1790
1800
2030
1850
1750
1700
1780
1800
2080
1850
1750

1590 -

1650
1900
1730
1600
1750

140

percentage of
evaportation area covered
by dambo

04&»-4(::000000'3006000

MNOGOOOFHPHHOMO MO W

Table 4.1: Catchment awverage annual rainfalls and yields

observed
actual
evaporation

917
885
1112
800
908
930
881
1077
931
672
848
968
663
747
718

775
758

728
572

817

827
657
702
791
703
897

980
830

900
978

- 950
- 687

912
659
745
799
683
632
817
128

Ea/E

.54
.49
.74
.44
.50
.48
.53
.72
.61
.39
.57
.64
.38
.42
044
.46

044
'042

.29

.43

.43
.37
.39
.44
.35
.48
.56

- +49

.50

.54

.46

37

.52

L4
.45

.42
.39

.39
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similax topographical:and climatic characteristics. Particular note
should be taken of information from gauged stations upstream or downstream

of the site of interest.

Great assistance can be given to the estimation of ADF by the acquisition
of as 1little as one year's data and figure 4.2 illustrates this point.
This figure shows a plot of the annual runoff in millimetres at 4.E.1l and
4.E.2 which are 2 stations on the Lingadzi river. A single year's data
at one of these sites would provide a good estimate of its long-term ADF
from a knowledge of how the same annual runoff at the othér site related
to its own long-term mean. In this respect, spot gauging at the point
of interest can also be useful - this gauging can be used in conjunction

with measured flows at nearby long-term stations.

3
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Figure 4.2 Comparison .of annual ADF's at two
- sites on the Lingadzi river
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5. LOW FLOW MEASURES

Introduction

The te1m 'low flow measures' is used to describe the many ways in which
the low flow regime of a river may be summarised, often in diagrammatic
form. The four major measures, described in this chapter, are the
flow <Xuration curve, the liow fiow frequency curve, the storage-yield
diagx.am and recessions. These low flow measures are relevant to a
variety of aifferent applications such as licencing of abstractions,
ysewage works design, reserxvoir operation and design, and forecasting.
"fhe term 'low flow index' is used to describe a single numerical value
.-specially adOpted from a particular low flow measure.
Low £ ow measﬂre.’JVerc i .‘ f:,‘r the low flow study stations listed
in Ta¥r»le 2.1. tTh Ixeas‘“‘.‘b e ‘igvhtions 7.G.15 and 7.G.25 on the
~ Kaziwzx ziwi i ‘re combined ani, nrpated as a single record - these two
. staticons are in close prox:.miv( .and 7.G.25 was built to replace

7.6.15.

 7wo methods of estimation are described for each measure: (i) from

~ data &t a gauged site, and (ii) from catchment characteristics at an

_ ungauged site. The methods are very similar to those adopted in the
UK Low Flow Study (Institute of Hydrolocy, 1980).

IP“ ‘

Defini tion of the flow duration curve

This curve shows the relationship between any given discharge and the
percen tage of time during which this discharge is exceeded. Its main
‘yses axe in the licensing of abstractions and in sewage works design.
Figure 5.1 is an example of such a curve for station 6.F.1 Limphasa
for the period 1952-1975. To ‘allow a comparison between catchments,
all the flows are expressed as a percentage of the average daily flow

(ADF)

- »to a ddfferent duration. For all practical purposes, the l-day curve
v . can be assumed to be the instantaneous flow duration curve; and the
interp xetation of a point on the 10-di¢y curve, say, is that it gives
the propoertion of 10-day periods dur1ng which the average discharge
: is abo~wre a given value. It is appropriate to use curves with duration
¢+ greatex than l-day when there is an element of storage -involved in the =
o dpropoOsed scheme. In practice, there is little or no difference between

\

,j"the cuxves for durations less than about 10 days.

C A ol e In genera*, ‘it has been found that when the flows are plotted on a
!’ loga..'i £hnic syale along the y-axis and the percentage of time exceeded o
" ig plotted on a normal probability scale along the x-axis, the flow S «-
"~ duration curve often approximates a straight line, which greatly
, facilitates extrapolation beyond the-range of the data. This is to
say: that the logarithms of the daily discharges are normally distributed.

It wil 1 be noticed that there are a number\h"of curves, each one relating l
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This has been found to be the case with most Mala®i rivers, as reflected
in the example in Figure 5.1. An exception to this general rule applies
in rivers in which zero flows occur - in these circumstances the flow
duration curve drops sharply at approximately the probability of
occurrence of zero flows.

The point on the flow duration curve to be used as a low-flow index

is the 75 percentile 10 day discharge, Q75(10), expressed as a percentage
of ADF. This is the average flow over 10 days which is exceeded 75%

of the time, and is 42.9% of ADF for station 6.F.l as can be seen from
Figure 5.1. Q75(10) is more suitable as an index. than ¢75(1) because

the series of 10 day average discharges is less sensitive to data

error than the 1 day series. Catchments with relatively high

Q75(10) *s and consequently flat flow duration curves are those that

have characteristically persistent dry season recessions whereas
'‘flashy® catchments have low Q75(10)'s and steep flow duration curves.

Derivation of the flow duration curve from data

The l-day flow duration curve can be derived from data by hand. The
method involves assigning daily flows for the complete record to class
intervals and counting the number of occurrences within each interval.

The total number of occurrences above the lower limit of each class
interval is expressed as a percentage of the total number of days in

the record and this percentage is then plotted against the lower limit

of the interval to give the flow duration curve. The averaging process
required to determine the flow duration curve for other durations makes
it .mpr.actical for derivation by hand but is easily performed by computer.

Even when Btandardised by ADF, an estimate of the flow duration curve
from a number of year's data will, on average, be flatter than the
true curve (derived from an infinite number of years). In practice,
this bias is small and 3 years of data is considered adequate for
deriving the flow duration curve from data - and even 1 or 2 complete
years will provide informativ:i which can be considered valuable.

Flow duration curves have been ‘derived for 52 stations in this study.
The vaiues of 075(10) for these stations can be found in Table 5.1l.

Dérivation of the flow duration curve without flow data

The -flow duration curves from 49 catchments were studied to derive a
method o©f estimating a synthetic flow duration curve. The proposed.
method is in two parts: (1) estimation of the 75 percentile flow for a
lo-day Auratior; called Q75(10), and (ii) the use of Q75(10) to fix the
slo;:e and position of the flow duration curve for dny other duration.

The first attempt at estimating Q75(10) from the gauged stations used a
model based on regression analys:.s invelving catchment characteristics.
Included in the catchment characteristics was a’ geology-related Base
FPléw Index - itself derived as far as possible from data - developed in
the. U.K. Low Flow Study (Institute of Hydrology, 1980),. In practice,
the ' complex interaction of various geomorphological characteristics-

in this MalaWi data set yielded problems which were not easily solved

l

1]
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| Q75(10). Dpata from 44 stations have been examined, and the mow* |

by traditional regression methods. As an alternative, it was felt
that Mapping of Q75(10) might give an improved method Of #stb sd' i-t‘n.
and this approach was finally adopted. ST

Figure 5.2 is a contour map of Q75(10) eXpressed as a percentage of
ADF. It should be noted that the map does not give point values of the
varieble., Estimation of Q75(10) for a Point on a given river involves
aver?iing Q75(10) over the catchment area down to the point under
cong i #ratlom as is done for catchment avegade annual rainfall (see
Chapter 3). The map evolved = 't of a trial-andé-error process - the -

’ Stronqest control on the posiiin of the contours was the 49 data
over this information Were cverlaid (i) averade annual! rainfall,

(1i) 9eclogy and {(a1i1) topography, wWnele data were comion (such as

the Central Region), the positions of the contours were dictated by the
data alone. 1In other z eas of the country (particularly the Southezn

Regj_on). data is somewhat sparse and the contours are drawn substantially

according to intuition based upon annual rajnfall, geology and
topogdraphy. A firgt sketch of the contourg was made, from which esti-
mates of 075(10) were calculated for the Jauged catchments: Errors in .
these estimates Were noted, and the contoure adjusted. This process

was repeated until a satisfactory fit was optained. As such, this map

is not a unique Solutioh to the broblem and another person could arrive
at a different map which still fulfils the oriteria by which the one 'in

" Figure 5.2 was drawn. ‘Furthermore, no eStimate of the accuracy of the

map is possible, since.it provides near enpugh an exact solution to

the data peints at all but 2 stations (1.Fr.2 and 7.G.14). Despite these

drawbactks, this map provides what is considered te be the best method.
avaxlable for estimating Q?S(lO) =

In order to pr’JduCe a flow @uration curve for any other duration D, it
is £irst necessary to establish the relationship between Q75(D Jand

I

appropriate relationship, for D > 10 days is:

) P'\' . - R o
Q?zg"‘:lic):) 1 = CONST (D - 107“ | R - |

2

""optimum eqt{ma ee for CONST and EXP can be optained for a given station

by linear regzession in log space, The 2 parameters are inevitably
strongly. in:.eruorz:plated. so EXP was fixed gt the mean value of 1.33

for the 44 gtat.ong, Best estimates of CONgT for Exp = 1.33 were
generated, anu By ﬂgure g, 3 indicates the Strong correlation between |
,CONST and: Q75(.L0) + . This yields by. regression. S

-i77

CONST = .0089 {Q75(10)} - - | - .. Bu2

oy This gi\"r’es an equation for predicting 975(D) from Q75 (10):

‘R15(p) = Q75(10) +.0089{Q75(10) } } (D=10) 1.33 for D >.10
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CONST = 103

CONST :.0089Q78(10] *77
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Figure 5.3 Relationship between :"é"'ONs'T and Q758(10)
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Equation 5.3 is derived from data for d
and cannot be used for D < lo.
D < 10, and a symmetrical rela’tionship

urations in excess of 10 days
Differences in Q75(D) are small for

to equation 5.3 is assumed:

1 .
Q75(D) = Q75(10) - .0089{975(10)}*%3 (10-py 133 for D < 10
| L . L S .4
Having determined Q75(D), it remains to determine the variation of
flow with frequency to complete the flow-duration curve. As described
above, the flow duration curves can be satisfactorily approximated by
-a straight line, so that only one other point is required to define
the curve. The 25 percentile point Q25(D), or that flow which is
exceeded 25% of the time, is a suitable point, and it was found that
Q25(D) cculd be related tec Q75(D) alone. Analysis of the data from
44 catchments led to the family of curves in Figure 5.4, which enables
Q25(D) to be estimated from Q75(D) and duration D. The result in S
Figure 5.4 is reproduced in Table 5.2 which may be easier to use. BT
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 DURATION ' Q75 (%ADF)

o s 10 15 20 30 40 50 60 70
1 82 87 93 100 108 120 123 .;,,_1'23 “193 0 123
5 85 9 9 104 112 127 124 124 124 124
7 86 92 9 106 114 13 126 125 125 125
10 88 94 100 108 117 133 127 125 125 125
30 96 103 1lo 118 125 136 130 129 127 126
60 Jo1 108 115 122 128 140 136 131 128 127
90 108 114 120 " 126 132 142 139 133 130 129
180 116 121 126 131 136 144 142 137 132 130
365 121 126 131 135 140 146 144 140 136 133 |

o 5,2 QZS(D) for values of Q75(D) and duration D

petinition of the low flow frequency curf'r"-’-"-'?""

wWhile the flow duration curve is c.oncerned with the proportion of

time that a given flow is nxceeded, the low flow frequency curve
indicates the proportion of*'years in which the flow falls below a® given
value. It is analogous to the annual maximum flood frequency curve. :

Its uses are basically the same as for the flow duration curve, but. - ., =

it is better equipped to deal with more extreme events. Figure *5 5 R

L is an example for station 7.F.1 Runyina at Chikwaba. 3 Wi

. As for the flow duration curve, this curve can be drawn, ‘or any
durarion. The flow can be expressed in cumecs, as percentage of ADF,
HY < L or as a frad¢tion of the mean annual minimum (called MAM(D) and.

- analogous to the mean annual flood).

‘The cur,ves ave drawn usmg, _for convenidnce, the Weibull distribution,
which can’.be .shown to be equivalent to the Extreme Value Type III
distribution’ **T£the data were indeed distributed according to-the-
Weibull distribution (with appropriate parameters), the curve ‘would plot
as a straight line. In practice, the curves are not straight, ;
particularly at low return periods and Figure 5.5 demonstrates the . | _
observed general shape of the curve. The curve is generally well- " ' “*“~ -
behaved enough to permit limited and judicious extrapolation beyond L
the range of the data. U O S U

N h L [ - : . '
e : ’ nhE L. .. it .
R A ! - W )

e ) """~'1"he index related to the low. £low frequency ciirve: :I.s the mean annual
0= 10 gay minimum, MAM(10), expressed as a percentage of ADF.. For-
station ,7.F.1 in Figure 5. 5, ‘MAM(10) is 22.3% ADF. = "7
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1°°T Station Mean Duration

781 @6.437 180
72F1  6.437 388
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. Derivation of low flow freg uencies curve from data

\., I L E ST

"‘he pethod for deriving the low flow frequ-tncy curve from data involves
“the fﬂllo i7ing/ s.,eps- (1) £find the lowest average flow over D’ days in
ach calendaz: .yeaxr, (ii) e.cpress these flows as a percentage of ADE‘,
| _;,‘i.ii‘)" rank th«ase flows ‘and’ assign a plotting ‘position to’ each, (iv)
‘plot the flow,.against the plotting position, and (v) draw by 819: |
”_smoo..hlourve 0Lhr';mgh the data. . The plotting positiom f.ormula is

’ l‘::--, b H"‘\ or '” -
‘ given in Appendi A, .

[ . ¥ ) as . . oL h s o Do
. 1 '\j ...’1'. o B
n } » i I bty i & n

o - 1 no st )
‘ - ] ]\.“. B
o o N3 : h_u..,! f W 0 O by it I r} ¥



"’:"“f...requency curve through a given MAM(D)), the 44 stations were grouped o
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A minimum of 15 years of data is needed for a compiete and adequate
description of the low flow frequency curve. Where there is less than
15 years of data, a compromise between this and the methods described
in the next section is required. The low flow frequency curve has’
been derived for all stations, and MAM(10) for each catchment is
included with the low f.low indices in Ta.ble 5.1. -

perivation of low flow frequency curve without flow data

where there are little or no data available on a catchment, the low
flow frequency ~urve can be obtained from the generalised regional
method describea below. As for the flow duration curve, the appropriate
low flow index, MAM(10), is obtained externally; the curve for

this or any other duration is then obtained, as before, by internal

duration and frequency relationships.

Deriving a low flow frequency curve from data is equivalent to fitting
a probability distribution to the annual minimum data. Some Malawi
rivers dry completely in some dry years, and in these circumstances the
annual minimum series will have several zeros. If the proportion of
dry years is too high (lyear in 5 is the threshold used here), then

the data will not fit the distribution at the left hand end because the
data are truncated at zero. In this case, the arithmetic mean of the
data will not be a satisfactory estimator of the distribution mean. Of
the 44 stations used, 16 had zero 10-day minima in more than 1 year in 5.
A regression between MAM(10) and Q75(10), both expressed as a percentage
of ADF, for the remaining 28 stations produced: .

.1o1{g75(100 31+47 L 5.5

MAM (10)

This equation has a correlation coefflclent of 0. 98 This :I.mplies that,
as might be expected, the geomorphologicdl and r‘limatic factors which
determine the value of Q75(10) for a give:n catchment control the value

of MAM(10) in the same fashion. The two, 1ndices are therefore very.
strongly related. No catchment characteristics were significant after ‘_
inclusion of Q75(10) as an independent. va\_riab_le._,_ Instead of using :he. '~
arithmetic mean of the annual minima, egquation 5.5 was used to prov.‘..'de; e
an estimate of MAM(10) for the 16 drying catchments., This estimate wjl..

be needed in the next stage of the analysis.

A similar analysxs us:mg 44 stations was performed for the internal
duration relationship between’ ‘MAM(D) and MAM(10), similar to that
described earlier for the flow duration curve. This yieJded_the o

fol lowing equations :

MAM(10) + .0186{MAM(10)} 27 (p-10)1+28 for D>10 ... 5.6

MAM(10) - .0186{mMam(10) } * 27 1.28 o

r

MAM (D)

MAM (D) (10-D) Eor D. é 10 .;;.”5.7”

r—-’ EETRA Y

For def.uung the frequency relatlonshlp (the shape of the low flow

i

irto 8 categories according to their MAM(10) value.’ The lo-day . .,

;fre.quency curves. for all stations in each group were plotted on a .

:' c"ommon base with annual ‘minima nomalised by their MAM(10). These '_ -
This yielded 8 curves, each R

L ey
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i

‘ ‘l

representative of a different MAM(10) band, which could be plotted on a
common base, The family of curves in Figure 5.6 is derived from this
last graph after further smoothing and interpolating. This provides an
~ estimate <©f the frequency curve which is more reliable for high values
" of MAM(10) than for low values. The same analysis repeated for other
durations suggested that the relationships in Figure 5.6 could be used

for any &Gwration.

Where no <«lata exist, MAM(10) can be estimated using Equation 5.5 from
Q75(10) wrhich itself can be estimated from the map in Figure 5.2.
Equations 5.6 and 5.7 can be used to obtain MAM(D) if required, and
Figure 5. & gives the remainder of the low flow frequency curve. Where
less than 15 years of data are available the low flow frequency curve
should be estimated using both above methods and interpolating between

the resul € ing curves.
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Storage-yield analysis

Storage-yield analysis is used in reservoir design. For a yield of a
given uniform supply rate, the storage-yield diagram is used to determine
the volume of storage required for a given probability of failure. The
analysis is time-consuming and therefore normally done by computer.

Storage-yield analysis usingrglow data

Figure 5.7 illustrates the form of analysis used. A daily flow
hydrograph for a prospective reservolr site is first prepared, and a
horizontal line corresponding to a given yield can be drawn through
the hydrograph. The reservoir is assumed to be full at the start of
the analyris. When the hydrograph is below the yield line (e.g. T, to
2, and T3 to T ) demand exweeds supply and the reservoir is emptying.

When the hydrograph is above the yield line (e.q. Tz to T3, T4 onwards)
the reservoir is filling and possibly spilling (e.g. Ts onwards). For

the purposes of this analysi§, a semi~infinite reservoir is assumed -
this is a reservoir which can spill but never empties. A depletion
event is defined as occurring between the two times Tl and 'I‘s when the

0
0

Total storage requirement V:Vy,+Vp-Vy . Er:’lo:' Irlg:ll" ~iy/

Hydrograph of dally flows

. o , b
Start of __ \‘
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Figuro 5.7: Deﬂnltlon ol s doplotlon ovont for storago ylold analysls
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rpservoir is full. The storage requirement of an event is the maximum
d: .;down. which cccurs at time 'I‘4 A new depletion event will start
ai.a time after T_ when the hydrograph again falls below the yield
11ne. For a giveh yield, the depletion events can be ranked in order
of the storage requirement. A diagram can be produced relating the
storage requirement, the yield and the probability of this storage
requ. rement being exceeded; Figure 5.8 is an example of such a diagram
for .itation 5.D.2 Bua at Kasese. This analysis has been performed for
49 statxons. A minimum of 15 years data is desirable for this analysis.

i although daily data have been used in the analysis performed in this

' study,it is normally adequate to use monthly data for this purpose.

This form of analysis has 3 major drawbacks. Firstly, the effect of

evaporata.on from, and direct rainfall on, th» reserveir surface has been

ignored - these effectscan be significant in the Mala%i climate (chapter 1).

aAlthough this phenomenon is a time varying one, a rough estimate of :

the yield required to satisfy the e"aporation component can be made

if the storage-area relationship ot: me reservoir are known. The

second drawback is that, iIn practice, rescrvoir cperating rules weuld

be implemented to reduce the yield as the reservoir become seriously

depleted. Thirdly, the analysis uses a semi-infinite reservoir in
~which the reservoir state at the outset of a depletion event depends

on the performance of a reservoir which just satisfied the previous

deficit rather than some fixed reservoir storage. These three drawbacks

mean that the storage yield analysis described here is only suitable

for preliminary screening of reservoir sites. Detailed design is best

i achieved by a more rigorous approath.‘_

s

' e ‘.Hf-' VA ' E

\ o .,torage-xield aﬁalv i"s“With 13.ttch or no d4ta e
\; o R A R o e -',1'1“:5“ ,'«-"_
“_ ... The example. shown :Ln Figure 5. 8 has a number of yield lines, the

position of which will depend upon the variability’ ‘of. flows at the

station in question. In general te::ms, for two catchments with the

" game ADF, the more flashy catc*hr*ent 'will zequire a greater storage

to' give a specifi ed yield. Rutthis flas shy cate hment ‘has a lower

Q70 (or flow exceeded 704 OF -c.lm H&me: than "Lz’ 'less ' *lashy counterpart,
Al and ‘so. tl",_ft,'.hlines c-'.u’r ::pondmw ta a yield of Q70 on each catchment
- rﬁ\ay \e~ cioaq tc’.‘«.,t.thﬁ"-- }‘"M, was debided therefore to test the hypothesis
that a J"flows corraspori: 1“0 to 4 particular percentile on the flow .

duration curve would have the sam:- forage-yleld curve. This hypothesis
absumes that the flow—durd..lo. c*rve is an appropriate index of the

,\.\'then a single yield line correagondiﬂg\\to, say, Q‘7O should be applicable
‘f,‘.to a‘l.l Malawi rivers.

i \;\I o U

“The: storage-yield analysis described above was performed for 44 gtations
and\‘for A range of yield corresponding -to Q40,,Q50, Q60, Q70, QBG,\ and-,
1,090 Ilthe last only. for stations with non-zero Q90's). The stations
‘».:;v_Weare divided into 4 groups according to tueixr Q75 value (or their
fiishiress). The storage-yield diagrams for a given percentile yield
For' the stations within each group were plotted on a common base.

“igure 5.9 is an example for Q70 for catchments with Q75 > 30% ADF. _
MzU average line.can be drawn through the scatter of points, and if t.h:.s
swerage line is not significantly different from those of the other =
3.groups for the same percent;.le yn.eld then t.he hypothesm may be

: I ‘,1 f‘J aCCEPted. . ;. RN .' . . Y L » o 7 l . .!-J [

stgrage-,{ield characteristic-s ofa ri\\er - if this hypothesis is true, - =
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The set of standardised storage-yield curves shown in Figure 5.10 was
derived by the analysis described above. Within the context of , .
preliminary screening, the hypothesis was generally found to be
reasonable , although there was a slight tendency for the slope.’ Shuat i
the average position, of the curve to increase with Q75. ' The Q4 t.o"'
Q70 lines are applicable to all the stations, but the QBC -and. Q90 l-nes '
will over-estimate the storage requirement for statibna\f th Q‘?S 1ess- C e
than 108 ADF. The Q80 and Q90 percentiles relate to very small yields’ ' f_g
in these catchments, and so this shortecoming s mli‘:ely to be importan..
The procedure for using these curves J.s given :Ln Apper*a...x A. I,
A correction for reservoir evaporation® r'an bé made f ..a. Ap's‘nr dix A) . ”
The natute o f this correction, aid of the analysis wthod qiesc ibed ). L
ls the subject of a further stuu\' f}fidd, 1280).. ., I Y NS QN S
- E\ ; ) . . . , . . ‘__ ..‘ o . o _‘ h
- 1°°k -. ol Sy . i i
" | Tese atorage yisld lines are r.brmolJ\od S PR i
by percentiles of flow duration Curves. j—wme—ti— el
For low Q75'31¢15% ADFI.these curves.
50[will overestimate the roqulrtd mwrage‘ Mt =
o QBO and 090. e T
0 —t
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T’ﬁ.s' study aimed to provide a flood frequency relationship . tar rivers
in- Malawi whicl: could be uged.to make estimates of the flood of &.given
fetitn persiod.for any sitevin the country irrespective of the '~
Javailability, of river flow data. The methods used to; derive these
. relationships are based on. those aeveloped dur:.ng tiie UK flc:od stvdiea
(NAtural Environment Research Counicily 1975) . ‘Becanse of lackrd: -
autographic rainga""ﬂ data it was not ;.ossible to study t.he k.‘EJood\\
vesulting’ £rom speciti¢. rain storms and thus, .for example, no’fmetho
are given for estimati.ng the yrobable maximum flood for .a s:u:e.-
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An annuil. £iood is ﬂr‘?med as" the J.arqest mstenta.neous flow in any
given: year, - e'~" impu: tant featwure or floud hydrclogy is the high
‘Mllc‘ibl]] ty of anaual floods which makes it very difficult to make
"""wlzablc- €stimates of high return period floods even with guite long
periods of record. .In practice, hydrological records of 2C to 25 years,
which occur in Malawi are not long enough to give reliable flood
estimé.es. To overcome this difficulty, the flood data from a more
or less geographically homogeneocus reyion are pooled to provide a
more stable estimate of the flood frequency curve. Experience has
shown that this regional flood frequency curve, as it is known, is
a reliable means of predicting flood frequencies, and is to be
- preferred to estimates made from the data of a single station. The
- fiocod data for analysis are standardized to the same scale by dividing
by the mean annual flood, which is the arithmetic mean of the annual
4 ..-;flckrfds.- ¥nen the rvglonal curve 1s used tO estimate the magnitude of
tzlondb at. a partxcu"ar site, the mean annual flood is required to scale
LS ucu its fuom the curve. If a few years of flow data are available
\nf f'.l".fe-.fj ‘-d..tL, then the mean annual flood can be calculated directly.
CUET Yipweve.in mAany cases, flood estimates will be redquired for sites
T shere no fleow data have been collected., To meet this requirement,
~© an empiricil equation has been derived enabling the mean annual
W, .+ flood to be estimated from catchment characteristics. The reliability
¥, .. of this equarion is miuch’'less than. that of the regional curve, and,
when flow data are available, these should be used in preference for

nstlmatlng tl*e moan ar"n..al flood.

il

Floud dala processing it

il

The Water Resources Division provided estimates of the annual maximum
instantaneous flows and the dates on which they ‘occurred for 30 gauging:
stations (Chapter 2). Station 4.F.6. Lumbadzi was discarded from o
the analyms as it had only 4 annual maxima, that for 1975 being
about ten t'mes the cther three. Station 8.A.2, North Rukuru, has
‘now been akandoned-and B8.A.5 is used in its place. For the purposes
of -hlb sLudy the. records of the two .stations have been combined to
‘give a single record. This combined record is referred to below as
.8.A.2 with, the floods transterred from 8.A.5 being reduced by 5%, which
S ',,I_.zs the ‘diff erenCQ in L:a*chment area of the two stations. These
- thanges, le'mt\. 28 staticn... for analysis with 509 station years of record

,-(avarage lengtn 18 1 yeara)
. ,,,Compuu 2y, Processing. took part in two stages: individual station
W . analysis and: regional combination. In the first stage the floods for
7} ; .each statirjn were ratiked in order and plotted against the appropriate
*“--\plott.tng posé:ticon;: ‘Statistics of the flood record such as mean,
o median and coefflcient of variation were calculated. At the second
" stage a reg;o,nal c'urve was produced by averaging the individual

’_sta.tlon curves. . | b

,:}"-;.,'? Indi'*- Jual, s#ation statistics
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_ Station Mean cv " Median No. of
“ annual flood annual flood annual flood  floods
” (cumecs) (%) (cumecs)
- 1.D0.3 306 96 214 26
o 1.D.24 43.6 90 33.0 23
1.R.3 326 70 225 18
- 2.B.22 169 100 92.0 16
- 4.B.1 452 36 468 22
4.B.3 185 71 134 12
- 4.B.4 191 65 172 20
4.D.4 142 75 125 23
4.E.1 68.0 52 59.0 24
5.A.8 163 97 104 16
- 5.8.13 577 85 340 8
5.C.1 775 58 629 21
R 5.D.1 142 54 130 20
‘ 5.D.2 120 c 74 106 26
P 5.D.3 65.9 - 149 25.0 21
. 6.C.1 77.5 56 69.0° 19
6.E.6 108 - 42 104 10
- 6.E.7 55.1 30 47.0 7
6.F.1. 31.9 29 36.1 10
e’ 6.F.2 312 55 272 14
6.F.5 14.2 35 13.0 20
6.F.6 22.4 60 - 19.5 18
e 7.A.3 30.0 67 25.4 18
: 7.D.3 le6 113 84.0 24
7.0.7 76.4 55 65.0 - 23
7.F.2 - 22.7 55 19.0 17
7.F.3 24.6 25 24.0 9
8.A.2 254 85 142 24

Table 6.1.  Annual flood statistics




B
two measures of the general size of floods at a station are given, the
mear and the median.: The use of the mean annual flood (MAF) to scale m
}“ the ru;tonal frequency curve has been mentioned above, and this is
| the reierred estimator of the general size of floods. However,
in thef case when the record contains one very large flood much greater
tharn the rest, the mean can be distorted, and in this case the .
median, which does not depend upon the extremes of the record, can
be wused as an alternative measure of the scale of floods. For the
28 s tations studici the average ratio of the mean to the median was .
1.3:=1. In situations where there is a single very large flood, the
mean c<ould be estimated by multiplying the median by 1.3. This
techniique should only be used when the highest flood in the record is .
moxre than, say, seven times the median, and considerably higher than

the second larjest

The coefficient of variation (CV) is a dimensionless measure of the
variabijlity of the annual floods at a station and is defined as the
standard deviation of the annual floods divided by the mean expressed
as a wvercentage. The average value of CV is 67% with values ranging
fror. 25% to 149%. This average CV is not unusually high by worild
standards, though it is much greater than the value for Great Britain
(35%) . The wide range of CV is not unusual and'is probably due more to
samp 1 ing error than to any inherent difference in variability between
stations., Figure 6.1 shows a map with point values of CV, no obvious
pattexn of variation being discernible.

Reg i ongl Lrequency curve .

Figure 6.7 shows the regional flood frequency curve together with the -
points from which it was derived. Table 6.2 gives the ordinates of
this <curve for various return periods. Return period is defined as
the awerage interval (in years) between occurrences of a flood greater _
than or equal to a given value - it is also the reciprocal of the
exceedance probability of a flood in any given year. The ratio of
the arnual flood divided by the mean annual flood is plotted against. .
the xreduced variate, ¥. The reduced variate isirelated to the return . .

period, T, by the following equations 7

: !1

F o= 1-z
v = - 1n (- 1nF)

If T 4is greater than 5 this relationsﬁip may be appi‘oximated by
~ = 1ln(T-%). "
The gxaph is then entered with this value of y to give the flood of the

reguirxed return period. The.curve drawn assumes that the floods follow
a general exXtreme value diﬂt.rlbutlon, that is to say

L(T) = u + %(l—e-ky),

MAF
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. o Return pericd T - ° O(T) . Reduced '
o | ; (vears) Somar variate y
.83 .37
. 1.27 . .1‘25
<. 1l.40 T 1.50
1"--. ‘I}.I 4‘ s 1085 h 2.25 “’:I
: 2.33 2,97
2.87 T 3.68
3.05 . " 3.90
: S 3.67° . 4.60
o8 . 4,26 . .5.30
it ' 5-14 . 5-99
5 , 5.41 ¢ . . 6G.21
6.32 o .91
Table 6.2.  Ordinates of regional flood freguency curve
] ;
o 28  stations R R
509 station years ' .o T
. averaged ‘points i
“ 0 four highest tloods
on record
b
"
‘I:,‘.J . .
£y
. o
14
0 "‘ U_) '
4 W
Return period Tiysars)
s % 10 %0 w0 0 0w
c -7 T L4 T T ¥ LJ L ot
TR 0 1 2 .3 . 5 s 7
Reduced variate y '
Figure 6.2:Regional flood frequency curve
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du Wt ure Ql'ff) o is= -Lhe floed 1 return oex.xod T .
R " MAF  is <+he T2z Y ‘4nnual flood
! Y is ‘Lhr_ reduceu variate for the return period T
andu, « and k are pararpe.ter's of the distribution.
Irx this case u’= 0.67, a = 0.43, k = 3:17 and the above relationship
! redices to | ‘ Y s
: B : L | ‘?}
i ) f . T S 4 e i
) oxr o substltui.a. n7 the ap”p.";i
i temms of return perlod "*f
b Q(T) )
e MAP - tr .
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" Tus>idition of the yegicn-l frm;*’.r(*%"‘ry‘ curve
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The regional frequency curve'is ir'-awn by averaging the individual
frc_quency curves for edc’v;”"_,at‘.tz.ﬁ’a .w, The annual floods for each station
" we s first standardised by di. gidi if'r. by the mean annual flood for the
S teatitn, Tne mlotting positionsfor plotting the curves are the
) C}spm‘:g,(‘d villue of the! order tﬂ";."‘“.lcs for the extreme value type 1
) o Gu’ﬂn.l dl.‘;tllbutldn. A L.mlc fJJ.,\LlIUfD(.. pl, tting positions, is given
- inn  the Flgod Studies Report (Naturd} Environment Research Council)
ara< they can be apprommated by Grmqorten s ‘Edlmuia C
. sl e
! L SEREN o : )
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o and " i is t{1e rank (from, the{{smdllpbt\\upuards) - T S
u ' " " R S - ‘\\. \ ) ' B — . . C L
0 'I'o avm‘dqe the curves of individua? Lt:At:J.ons the plott:mg p051t10n axis” A
wass div_ided into steps of length 0.5 (ie - 1.5 to - 1.0, - 1.0 to
- O.5 - 0.5 to O "etc.) and all the points for all the stations lying
in each step were averaged and plotted as a single point. 'These are
. “shown'by ¢ msses on Figure 6:2.. Tl four highest values of Q(T)/MAF
ST wex: *“}then e*ctracted ag, though th “."?«rere the four largest' floods in a.
ireccid ol 509 yéars and plotted LS""‘r‘erleS on Figure 6.2. The floods
concerned die as follows- T
mf e, T e Y "f-"” O < s
Station Date Flood QI(T) /MAF Y
i . Ak . . o
5,013 16.12.7¢ .. 450 . .. 6.83 6.81
7.0.3 27. 1.71 368 5.13 5.81
LDp.3 15.3.67 1302 . 4.26 5.29 «
_ | - 4.0.4 13.3. 78 425 .,5 3.67 4.96
N . “-L. B " . R 1 N T ’i:_:';;:"fr A “;::;T‘i_,) PR e ':"” o L
'(;:J' - . ik




o : It will be seen that they are all. from dlffc;rpnt sr,at-:::‘;o and on' \L
independent events is seen to be Justxf'*’éi, Line. ;eneral extreme

value curve was fitted by lwast square;—. .
. represem.ation of the pomt.... g PR b ;@ji‘ _g).f"‘;‘ o ; :
d

Avpraomg the station curves enables the. rec'ional freyr encv rurw' ’to be' .
drawri with confidence up to a return period’ of about 50 years. - bBeyond
“f{ore the individual points for the four highest floods aiiow any. o
~rxtensm*1 to higher return periodr, but with reduced accuracy. The .-
_ mghestr pdint is plotted at a return period of 907 years and thus hlo(bo
. b YUK S bnom.-w 2 regarded as the limit for rcliable cxtrapolation, ;
prond this there are great uncertainties in the flood frequency !
ruiatlonbhip and the curve should only be used with caution.
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Preci;.c:tlon of mean annual flood from r:atchment characteristics

W ... - For each catc:hment the fnllowing cheoracteristics were measured: AREA,
« Y o STMPRO, 51085, AR, DAMBO, ESCARP. Definitions of these characteristics
i jarn giveri in ¢hapter 3. 1In addition Q/5(10) was measured from flow data
) ‘Ir‘w!" ot, when data were not available, taken off the map given on Figure 5.2.
Q » (10) is defi ied as the 1C ‘day flow exceeded 75% of the time,
exp:. esaed as a percentage of the Average Daily, Flow,' ."DF (see chapter 5).
For Jqst one ~tulion,namely €.C.1 Dwangwa, Q75(10) wds, . 2ero, SO the
value was arbitrarily set to O.] to allow the use of“a. Loganthmlc
trans fomation. The mean annual flood (MAF) and the catchment
characteristics were transformed by taking-logarithms to the base 10,
nexcept fot ESCARP (whﬂtch was' not transformed) and DAMBO which was

nansformed by 10.5“1"6“""{1 + DAMBO) - this is appropriate for proportions

2 between 0 and 1. he correlatmn matnx of the transfomed data is
‘shown in Table 6.3. - :

The equation to be. used in est’ natxng the mean annual flood, when no
flow data are available, 'is: :

RWVE

4 MAF = 2, 89AREA°'555TMFRQ°- Bm, o Ceve. 6.1

P .
where MAF is the mean annual flood m’/s

~ AREA is the catchment area in km ‘- | .

and . STMFR) is the stream frequency in wnctlons/km | ‘

‘The c:orresponding equation in the log varlables,

et

log{MAF) = 0.461 + O. 5 log(AREA} + 0.36 log(STMFRQ) )

" . co i iy

' “has a standard error of estimate (s.e.e.) of 0.378. This means that‘

in 95% of estimates made using this equation the: predlcted 1og(MAF)
-*'will be within + 0.74 (1.96 times s.e.e.) of the: correct value. By

© 482.39 and 95% of estimates of MAF in the range 5.5 MAF to MAF/5.5.
Thus it wlll be Seen that the answér given by 'this equation is not very
L e e a2 mumbher of Foasons for this lack ‘of precigion, one

videly differing dates so the assumptxon Urhat they aré statistical 1y f,li_ l‘:

;‘.

H
i

taking antilogs” “of these figures we get the factorial error of estimate:'

5
ot
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o, o

_AREA, STHFRQ . Q75(10) . AAR. | S1085 =
..‘:'IH". : " '.‘.": : »t ‘ 7. N i} -. ‘I\‘\. .. -'_)'_ J,W L

1.0 0.542 0. 004 -o...,s’-’“"j'-e;i;_'-.'175_.;_f' ~0.380"

oaeat o.sd2 1.0 k0473 -0.457 . Sdi3477 -‘o.‘%se

" USTHERY. - ©.0044-(. 473 1.0 - C4627° ¢ 0,543  0.720
;?r‘mgﬁ —0,218’ ‘/‘-").\45/" Vosezr ool f*a.,h\___.l_ 0.55%" -o{,ezlli? 70 '433
MR ¢ —O.175 ~Q.347 /0,543 0‘771 1.0 W nig7? 0,429 0,413
51085 ~—0.380 ~C.706 « 0,720 . 0.650 . 0.477 1.0, . -0.731 ) 0-426
DAMBO . ©.260 .  ©.659 |~-0,833 :r0.621 =0N.429 ~0. 791 1.0,/ }0.251
ESCARP 0.213 -0.091 ,o,,.g:l;'ls $.423 e 0.413, ,,.4.:6 .-,-_Q ,25_L. l 0
"o . Y . K \\ ‘,'\‘4 o N o o » . ’

i
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Mablé 6.3. - CorreiAticn matrix of trans{armec charactexiqrtl..m_";a_i_l}_i___‘i-

‘mean annualiflood. B/
- ) S, g Y

Variable Coefflc;nnt std error
c,gns?.'ant'..- . o 461 ©o 0 0.408
ARER 0.553 . 0.141
STHERQ - 0.360 0.191

Analysis of Variance

Source - Ss 2t ‘ MS
Due to regxression 2.1950 ... "1.097'5
About regression : .3.5645 - - 0.1426

fotal . - 5,7595

[ERRACY FHR

Fratio= 7.70 with 2 and 25 deérees of freedom,
probability of exceedance 0,0025

Multiple de termination coefficient (R?) 0.38

Multiple correlation coefficient (R) 0.62"

_~Standa1d error of estlmate : - . 0.378
Table‘.'lﬁ.'tl:' _Statistical descfiption of the.resowucnded equation for o
s predicting mean anrual flood from catéhment characteristics’ ° T
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"of which is the sma'l- numuer of statiuas available for analysis.
Ano“ner causa; mt;éea fro-the relatively ‘high variability of annual
£loc)3 s 'in Malaw~u_*htn average coeft-ﬁ*“1t cf variation’ equal ty n?%}‘"

S this meuno, for examole. that the mean ennual flood estimates: vrom a

A, 20 YEdI record has' a standard error of + 15%, A fuller statistical |
g 'de crlptlon of tﬁls reg; sazﬁn Aquation'.s g;ven in Table 6.4. < e
IR ;"L L el s .‘ J' = 'Zn ! R . : e

'ﬂf,J Derlvation\ot the reg?rﬁsiﬁn Panat¢un Y : 7

i i D s s ‘,-u T . . ‘i ., . -

'ﬁfy  Se rdl othelt conblnaLJ a5 of variebles weré tiled i¥Vioriving'the

'wﬁﬁﬁ" hﬁua+1cn reclmende3 dbnve. Table 6.% shows'a selectiur’ of the bettsr
”ﬁ'u@uuc1ons.l AREA JP'DW’C:x'rhe mostiimportant’ explanatcry variable

takd anrbsanoﬁ on AP‘A lonu'giveq a standard errov. of EmL*ﬂJfﬂ;ﬂ;gf
C.0.10,. ana- dddmg i ’LMrh},'-Lu SES Vi th b\*bL \.wu »uLluu.u_ x.{_‘_!u..at.h'{"_;x;_“; i
"-n“ucc: thls to O 38. Othe*-twc varlabl ccmbanat;ons shLa ””"P "
:nd Ql“{lO) hﬁwed fno rcdu. ion Jtr.dard error,‘_nftrv 1;3* ;L,;_
l”’w_mMFRQ ‘are {1.-‘iie regressicn aav%ng the leperarlable 1A gl
gvo%tnct reduction in standcr”  sror. Ilowow br, t‘hf rc‘dumﬂm\:}'i'ﬁ" peTe

from 0,38 to 0.37 and the ¢ - ccient of o1085 is: né gat1vn WO Xreas

o &1

one would expect it to be . Civens (fthat .is ro Suy greaua rlopes

oo wiarler Be exrphfad‘tc“he" -m“iteﬁ with ‘waraer £.oods) o Lepiacae: -
SV 51088 with Q7b\10) gave - t1PWSuﬂﬁ standard’ f*!ﬁu—bJG“"hev.‘_“\
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Est\matlon of (the mean annual flood from data
When morp than five ammal floods are available these shcsulfx be used; 'm
g prefm’ence to the equztion, to estimate the mean annual flood. it 1ess
r u(: *than' Ezve are avau.ablst then both the equation and-the data canbe
?.J” mmbma:d to give an es'-imate. - The weight to be given te’ “the estimate
: ltv'om the equatior must pe decided individually in each case and will
:? vdepend apon a m.uu.,er of! factors such as, the reliability ‘of ‘the flooq
Lreco:rL €rom the\ atu....".n _question, the perforinancc_ of the eguation on
nearby - ""smiula: cat«*hments, and the numbe of f:'loods 1n thm aatﬁa.l‘_{,},_,\
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;'I'l'-e results of a reg;cpllal 1,,“ c,.m,, stpdy nnu ar -\15 unal flood ,.tudy
- ,«regpntea, 'ﬂ;ese stut.ies GhO\lld ‘pel‘mtt E—."‘e e5t‘mati°n Of .‘l'

7 heve 3SSnIpresal .
variety ')f 1§, en.: hiqu“a low measures to be made An :ialm.i frrespecLive e

ot rhe amoun* of h":b‘olng,n.cal Gata availab ¢ at the si"e of interoet;

; or 1“. lowflow side, thrs flow mersures. considemc ars *:.he averagef /

dc\ily :-jn”"flow durat*!on cuzve, low flgk- A’equ»_ncy c‘ur‘Ve, storane-v

y\aa.,.‘ ,"haract&rléﬁtlc‘ an: recession characterwtics. F.ar the’ flood

S In all - tl‘esn studies, the whole of Malawi has been considered as one
- ...jhydrolng Adal. regloh, . 7t has been suggested that particular parts of the

coun Ty tr..t]*ht hnl- o iv a fundamentally different way £rom other areas,

.< .'{:‘a.l a t-hat A}‘F‘QL 5110\11\" OJ* treated separately' Some of these reputed

dai ;fez=a~ues r‘au/ be Qiscerned in tht. «<3ultsof the study but statistical
analysis does not confirm their exisience. 'In general ., the study is
bagsed on too fow data t¢ detect regional differences and consequently

it has been necessary to consider Malawi as'a single region.

" One excepfion o the abovel 15 the. river Shire, the lake outflow,  The

‘existence of the lake upstresm of st.ations 1 B ‘Shire at Liwonde,

and 1.G.1.,Shire at Chiromo, has such a funds i’ effect on the

flow characteristics that no attempt was made to include them in the
analyses. Likewise, the results of this study should not be applied to

" ‘the Shire, ‘which {5 treated more €fully, =1sewhere (World Metedzr ;Logical

Organisation, 1976; Drayton, 1980). o
o ’ o

~'A camiliar theme in tha preceding chapters has been the need to combine

estimates made frby d-;ta with the regionalised empirical estimates
descril,ed here, it,cannot be emphasised too strongly that the methods
in this report should nov be used in isolation. Whenever possible
any f£low data available at the point of interest or at nearbysites
shoulad be examined and’’ &.,.apared with the empirical 1 estimates. It is
neither possible nor pi. sent to quantify the relative weights to be
applied to the data and to the empirical estimates. This must be left
to the judgement of the hydrologist. The factors he should consider
inciude (i) the quality of the awvailable data, (ii) whether the period
when the data were collected was abnormally wet or dry, and (iii) the
perfoxmance of the empirical method on nearby gauged catchments having

similax characteristics.

A reg‘iOnal study of this nature can often be of greatest value when
dealing with small catchments. Projects using the water from these
small catchments will themselves be small und the cost of a ,lengthy
hydroloqical investigation would not be justified In the low flovw -

.study there are seven catchments under 100 km* in area with the smallest

;5%.’:5,’!3-"- ) S e

B eqmmdtion procedurés have been developed foyx ‘the mean'fannua'!\‘ o

\ g; i L OO ard um Eloua frnquancy curve. .\J,




" ‘being 7.0 km? (Table 3.1). However, the distribution over the courntry
'is very uneven, with five in the areas termed highland (two on Mulanje,
: two on Zomba and one on Nyika) and the remaining two catchments under
o , . loo km’ on tributaries of the lower Shire., The position is less
o satisfactory with respect to flood catchments. The smallest catchment,
and the only one under 100 km?, has an area of 63.5 km’. The behaviour
of small catchments is usually more variable than larger ones and
there may be difficulties in extrapolating these results to small
catchment areas. However, it should be possible to use the results
of poth studies in areas as small as 20 to 30 km?’. More data from
small catchments are needed if this is to be improved. The Water Supply
Branch and the Water Resources branch have both made measurements on
very small persistent streams in October, to assess their use for rural
gravity piped water supplies. Though these data are obviously biased,
in that only persistent streams are measured, they should be examined
to see whether general guidelines can be developed.

The flood analysis methods proposed here are not intended to be apnlied
to urban drainage problems. Firstly, catchments being considered in
urban drainage are usually vexy small, below the range where these
methods are considered applicable. Secondly, although the density

of settlement in towrs in Malawi is low, one effect of urban development
is to fundamentally alter the hydrological catchmert response. The
Water Resources Branch has instrumented an urban catchment in Capital
City Centre, Lilongwe and the results from this should provide a meang
of assessing the applicability of standard urban drainage design

fa)

methods in Malawi.

The behaviour of a river is often characterised within a spectrum of
conditions ranging frem "flashy" catchments through to "damped”
catchments. A flashy river is one whose. catchment response is dominated
by direct runoff;the annual hydrograph is generally ‘qharactefised by
great variability in wet season flows with large floods and a dry

season £low which recedes rapidly. A "damped" river is one whose
catchment response is dominated by subsurface 'runoff,- the annual e
hydrograph has a very damped wet season response and a very persistent “
dry season seuession, An exception to this behaviour pattern was

observed in Malawi for catchments dominated by dambo alony the main

stream. In this situation, the dambo provides a lot of f;,.{ood plain

storage resulting in a sluggish wet season response, characteristic

of the "damped" river. However, the dry season recession is more |
characteristic ofia "flashy" river, and the late dry season flows are
comparable to neighbouring unaffected catchments. This is not to say

that there is no water being retained in the dambo through the dry

season -~ it seems that its low transmissivity provides a source of

water for vegetation during this period without significantly releasing
water, to the river. These dambo-affected catchments are not significantly -
distinguishable from their unaffected neighbours as far, as their values
of 975(10) is concerned. On the other hand, it has been suggested in
Chapter 4 that the presence of dambo increases evaporation with a

corresponding decrease in average annual yield. The nature and . o
behaviour of dambos is not yet well understood, and is an area which '

could be a useful subject of further study. -
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THY study has sl.own t.l at the mO.a-:. persistent flows occur on the rivers _
draining the I .ighland zreas of Mulanje, Zomba and Nyika ‘The high S A
values of C75 (1¢) din ,"_hese regions are a striking feat.ule of the L o
_.contour map shown in Figure 3.2. This is at first surprising because
A j‘;\\"“&,ne geology of these. masszfa\\ooneists of impervious intrusive rock,: e
'“nostly gravidite., In orac:cice,\\ such geolory provides a good deal oy - . - Y
", groundwatexr storagc, althouah .a hvdrogeologiac would not nomall'. view .
these rocks as being good. aql.l..erc. due to the, problems of extra.cr.ion.
Th\s feat'are of granites has’ aibo tieen noted in the UK low: flow, study R Pl
) (Ins\itute of Hydrology, 1980). A secondary factor in these persioten" *r" '
flows Wff the massifs could be the occurrence of rainfall," u.aually b

"_l light, emrlng the dry season. .

. ;
i
) ,'/

A number of catchment characteristics which may be medsured off maps ara S R Y
described ':.n Chapter 3. oOnly catchment area, average annual raint‘ul. IR A
streamn fx.c.iuency and proporticn of Jdambo were found %o be usefu) rn ” A
predicting the flow measures used in this report. The other chara tériié‘--’?-“i o R
tics, S1085 and ESCARP, proved to have little predictive power. _Land
use is often suggested to be an important determa.nand ‘of cat"'hment | R
response. In a developing country like Malawi,” che  Yand vse pattirns
o will be changing rapidly as more land is brougiit under cultivatich and!
- . . cultivation methods themselves change.‘ This makes it difficult {.o applv
.+ a land use index in a retrospective study of this nature and fc¥ the. . S,
~-#ygser of the results of the study to .determine:the land use patten.:n of . R
his catchment. In addition it has been found very d:.ffif*ult to. ;sola e o
the effects of land use in catchment preriments conducted f:or' thig« v s
purpose in many 'parts cf the worid:’ It thue seems uﬁlikely that la.nd '
use will have a very significant effect on i_he x.:t..her crmce mﬁizasu:es

of flow variability used in this report. . R

.

There is considerable variabil lity be twaen the: fitod recoxdq talken, fr'.:m
different catchments, as can be’seen from fm 1eu<.ou-f,..:.cieut of \'dfidt‘iﬂﬂ» -“-‘ e
values given 4in Table 6.1 a#ad Figure \6.&:}4[ e ¢f tais variapility can AT
be’ ascribed to sampling variation oniy, tas rm ...han to iuherenqm 5 8
.iifferences between catchments. Because oi ihis. JA% 35 pesBinie aniuy
derive the regional flood freduency curve shlwi kf.‘..ﬂ*" Sigure 6. 2
is more reliable for estimating fioods of dll return per. iy }
individual sStation r.'.rve.,. Figure 6.2 gives the "flood“ :
return period -as a multiple of the mean arinual flood. ! ,m1's
estimated from annual flood data or, whet'e these- ‘data ard f"l"“l,f. &vailable,'
from a regression equation using ‘catchment: area and stfeaﬁnw’ti\io ency.
This equation is not very reliabie and should not be regar¥dciasia’
substitute foxr using data, when several years data are availabl\./.‘_‘ When
less than fiwve years of annual flood data are,fav.ui lable it is suggest.ed
in Chapter 6 that the result of the equation could be combined with the

available flood data.

An attempt was made to 1mprove the equation for estimating the mean
annual flood by dividing the country into two regions along the top of
the escarpment . The improvement obtained is neithex statistirally

| significant nor practically useful and this division is not recommended.
There are probably not enough stations in the analys:.s to eStablish,
unambiguously, any regional differences. i
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Tevdl recordors, and this would have to be remedied before a stor~

The residual map, Figure €.3, shows that in the south of the country
(south of Lilongwe, say) most residuals are positive. 1In other words,
the equation underestimates the mean annual flood. This is also the
part of the country which is open to cyclones coming in from the -

- Indian Ocean and this may be. the cause of the flocds being ‘higher

than predicted. Against this view it should be noted that there are
very few data points in this region, and it is quite possible that the
result may have arisen by chance. Also the stations in this region
do not show evidence of large outliers which might show the effects
of occasional cyclones. Because of the few stations involved and the
dlfficulty of defining the region affected by cyclones no formal
statistical analysis of possible differences was made.

Further work on floods

This report has only dealt with the frequency analyeis of floods.
Many enaineers dislike using this approach for the dezigqn o€ mator
structures such as reservoir spillways, particularly when loss of life
coulad result from failure. The design return period to be adopted in

'ﬁjthese cases would involve extrapolation well beyond the range of the
‘data used in this analysis. The preferred alternative uses the

probabls maximum flood (PMF). 1Two steps are required for estimaties;

of the prof¥» Vnax;mum flood: (i) estimation of the probabl**f"‘“
maximum pf%-';;f?‘ion (EMP}, and (ii) conversion of the PMY{,WK s
PME . —_ S e Ce

A regional estimate of PMP would require a national study of severe
storm records by the Meteorological Service. It is recommended that
such a study should be an important prLorlty Thn Lonve'sfon of this
PMP into a flood flow would require the develorment of a fuinf&Ll-
runoff mode! suitable for storm events; a unit hydxogreyh is often used,
At present the data do not exist for deriving unit hydrographs. o; + '
wide scale in Malawl, but the installation of level recorders i = “.ant.
years means that suitable flow .data :are progressively becoming av. .iable.
However, there is a lack of aulographic raingauges on catchments wtth g

.J
"-. I..

‘rainfall-rundff study conld be started. SR R

A rainfall-runoff model can alseo be used with smaller storms thar ‘the
PMP to-give useful flood estimates. 1If sufficient flood data are“r"t.

- -available for estimating a design flood, then an estimate can be made’
«.. fxc = rainfall statistics using the model. This approach requires that

the--available autographic raingauge data be analysed to provide rainfall
statistics, As an example, the rainfall-runoff model could be
calibrated from one or two years data, less than are needed to give a
reliable estimate of the mean annual flood. Alternatively, a regional
study of, say, unit hydrographs would give the necéssary paramcters.

Thus to extend the flood analysis described here, more short duration
rainfall data shou’ 1 be collected and analyzed. In addition, concurrent
rainfall and_ runofr ‘data over durations down to one hour should be
collected for rainfall-runoff model development. - o
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- Purther work on low flows

The average daily flow (ADF) is an important parameter in all the
estimation techniques described here. Its estimation from rainfall
was described in Chapter 4 and the urgent requirement for a reliiable map
of annual average rainfall to assist in this has already been discussed.
The method described for estimating ADF from average annual rainfall

is not as accurate as would be considered desirable. It was

derived from data which were readily available ia computer-based

form at the time of the study. However, rainfall and river flow have
been measured at many more sites than were considered here, and some

of these extra sites could be analysed to provide more data for the
analysis of ADF. When more data ar: available, it may be possible

" to develop a contour map of annual'averaie yield along the same” lines

as the Q75(1u“" map in Figure 5.2. The’ ~overage of stations used in the
analysis described here was inadequate to justify such an approach.

Q‘?S(lo) is t s other key parameter in the analysis metlicds de.,cribc.d in
this repori. The map in Figure 5.2 has a number of shortcomings due to

”"‘lack of data in certain areas and the coverage'of stations was discussed

im Chapter 2. At some time in the future (say, 5-10 years), the map
should be updated using data from new stations-anci revised estimates \
at existing stations using data since 1975. NS g
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APPENDIX A: LOW FLOW ESTIMATION PROCEDURES

Maps at a scale of 1:50,000 will be required for these procedures. g
The boundary of the catchment to the point of concern on the :r::l.vei';l 'ar
should be sketched in pencil. More than one 1:50,000 map may be - i
necessary for this purpose. A sketch of this boundary may also have
to be transposed on to a 1:1,000,000 map. Estimation of flow measures
axe dealt with under separate headings, the first two of which (the
avwerage daily flow and the flow duration curve) are mandatory.

1. AVERAGE DAILY FLOW (ADF): . |

Five years of data could be adequate for estimation of ADF solely from

data, although a check against the regional estimate will be valuable.
Otherwise use the followiny steps for sites with no data: :

1.1 Measure catchment 1 ‘ea (AREA) in km? from map(s) bv.
nlanimetering or countlng squares.

R 1.2 Estima~te average annual rainfall (AAR) in mm from a map by e
T measuring ‘areas between adjacent ischyets (see Chapter 13). R
" 1.3 Estimate average annual yield (AAY) from:

Y
B AAY = .-71AAR.- 490 (mm)

1.4 Calculate ADF frem:

AAY x AREA

31500 (cumecs)

ADF =

1.5 Compare result with -adjacent sites or 1imited data for site of
" interest as appropriate. LN .

2. FLOW DURA‘I'ION CURVE (F.D.C. )

2,1 'I'hree Vc'lt's of data are adequate for estimation of F. D Cc. \
For manual derivation of F.D.C. from data for

after one pass of a D-day moving averagr’ u“l.t rer)

2.1.1 Choose about 15«20 class intex‘-\‘a‘la "of'flow-from the
~ ~ highest flows down (it is best to use smaller
intervals at low flow rates)

| 212 Assign all dally flows to a class interval, and fill
out. a table such as that in Table A.1l. |

J b Frf
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LOW FLOW FREQUENCY CURVE

r'with a regional estimate will always be useful.
' low flow frequency curve for a D-day duration, follow these

65

.- Plot the discharge at the bottom of each class
i interval ‘against the percentage of days exceeded

(as calculated in Table A.l) on log-normal probability
paper (lng flows on y-axis, probability on x-axis).
Where no normal probability paper is available, the

: X=-axis can be linearised by:

i, SRR : g

* & = signum (p-%) {1.238t (1 + .0262%)}

exceedance probability in prooortional terms,
: signum (p=%) = + 1 for p > 4; = -1 for p <%,
o Cand t = {~ 1n dp (1-p) 3" |
Up to 4 cycles may be needed on the y-axis for “flashY"
rivers. J . (o

[ B AP
f i

where b =

Where no data are available, the flow duration curve can be
reproduced by the follewing procedure:
2.2.1 Estimate Q75(10) from map (as%ADF) - note that map
. does not give point estimates of Q75(10); see map
for instructions.
2,2.2 Estimate Q75(D) from: o
Q75(D) = Q75(10) + .0089 {Q75(10)}*%? (D- 10)"33 for D > 10
Q75(p) = Q75(10) - .0089 {075(10)}*2? (10-p)!*33 for b < 107" “
2.2.3 Estimate Q25(D) from Q75(D) and:D bywlnterpolatidhhin
Table 5.1 ¥ : ' |
2.2.4 Convert 25(D) and Q75(D) to cumecs by multiplying by
2.2.5 Plot 025(D) and Q75(D) on log-normal,probability”papefy-.
59332-1'3 for construction if special pape;_not_evailable.
2.2.6 Draw straighteiine ﬁhrough these two points, ektrapoleﬁingf”iﬁ
: as far as Q98 if possible.
Appropriate compromise between 2.1 and 2.2 can be. made when

some data are available. Spot gaugingsrw;ll pe of particular'

\_v 4 Y/

15 years of data are rxequired for a complete description of ohe
low flow frequency 'curve from data alone, althbligh comparison

- To.generate the

steps:




3.2.3

_:3.2.54:Construct Surve as lnf
"ﬂ\"’i;J ; " : .

.1:};;-‘:. )

Find the lowest average flow over D-days in each year.

3.}.2 rRank these flcwa (Erom the hlghest value downwards) anG

‘aSSLgn a pletting position to each. the plotting
position w is obtained from:

P = (i=- 44)/(N + .12)
w = 4 El - {- lnP}&I
o where w o is the pliotting positien

P is the exceedance probabllity = -i}-
i is the rank of the flow
N is the number of years of data

T is the return period (years)

3.1.3 Plot the.flow v. the plotting position w for cach data
point (it is useful &t this stage Lo dyaw a reluln
perlod T scale as well as w; will be. non-linear). .

3.1.4 Draw (by eye) a smooth curve th?ough the data points,
extrapolating te w = 2. 5 {T=50 years)

L
PR
o

‘here no data are available, the low flow frequency ‘curve can
be constructed in the following way:

3.2.1 Estime«te the lO—day mean annual mlnimum - MAM(lO) - as .

v $ADF from:

i

}' . MAM(10) = .10l {Q75(10ﬂ"“ P

where Q75(10}“is estimated as in step 2.

Ll
)

3.2.2 Zalculate MAM(D) from: o | (

waM/p) = MAM(10) + .o186{MaM(10)}*?7 (b-10) 17"
for O > 10 - .
MAM(D) ‘= MAM(10) - .02.86{MAM(10) } "¢ 7 (10-D).i """

]
i!\

.Using MAM(D), reau,‘:aculon of MAM(D) off curves in
Figure 5.6 for w %‘ 15, 1.0, 1.5, 2.0, 2.5

- fdr D < 10 | o

3.z.4 Convert ord:nates aﬂ w.o= .5, 1. O,NA.S, 2.0, 2.5 to
L cunecs . ~_¥ 2 : v SN

il }«"".“"'* g , G - PR
. ‘-f/ i B

3‘1 3 and 3 1.4 above

5 .‘,‘;;‘,_ l‘f " ‘_

-:'F L
W

Pl '
4.
. ,J‘
| Ill

-
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-. 4  STORAGE-YIELD Amws;s 1
. G " ‘
4.1 The analysis from daily data is complex and usually done mr .

- . , computer. From monthly data, the analysis is just about L ‘
. tractable by hand. The basis of the analysis rathod is _ ‘
e - outlined in Chapter 5. ke o 1

4.2 The analysis uses the standardised type curves of rigure 5.10, '
" and requires an estimate of ADF (Appendix B.1) and the ' T
F.D.C. {(Appendix B.2). For an allowance for evaporation loss,” _
approximate estimates are required for (i) the annual average R
e -~ open water evaporation in mm, and (ii) the relationsLip hewieen |
e . the surface area of the proposed reservcir and the d.aSOCi:ltEd
#o - storage volmnes under consideration. :

e . . . . g

i

4.2.1 Determine the gress yields Q40 n50, 060, o?o. Qso
L Q9O fr.mt.‘eFDC. (s'tepBZ) .,
F- . ‘ ) kl . . \..' i .l.\‘n',' ‘
B 4.0.0 alculatp A—hp m'.~,-',r-r- "rih'l"‘q OAG, 50, 060 070 080, o

" e Q90 in cumels i:y mul;riplylnq by Aru/ lOO S S
g— : 4.2.3 C‘-electl \n acc:e-..ptamle re\urn p'~rlod (T) of fa*lure |
r 4,2.4 For each gross yield Q40, QSO, QGO, Q’IO, -,380, ng, s .
: read the required storages from Figuxre 5. 10, ‘Convert
these storages to m® by mx_n_l_tlpl;;n_g by P.Dl«_ .3,1&:_;= g: 106
4.2.5 Determine net yield for each \qtoraqe by allowance for o
‘ B exploration less: - Tt
) | (a) For each storage detnrm:ined in 4 2 45y deuemine the
g o equivalent surface’area (A) in km? |

(b) For open-water evaporation E mm/vear, loss = --3—1500,; cumcs
(assun.xng reservmr alwavs full; . ‘7 | S L

+ o
. : -

i

.,.t, . (c,:);,_‘:'Correct foz erzor'of as.aumptlon 1.1 (b‘ by multlplyln
" loss by 2/3. i - e

' "f(‘d)' Derive net y.leld by =‘ubtract1ng loss from g:.o.-,q yinid

o /
.-‘~.-‘ N

¥ . .
Y 4,2. 6 I."lot: net yleld V. storaqe for ali b yz.m.d on plaz.n R
. g..uph-paper. Sketch ay lme threugh these 6 points.
i . 4,2.7 Repeat: procedure from. 4 2 3 for other reLurn pe.rlods i€

§ o required et e e T (R T

5, RECESSION CHARACTERI.‘.:TI

. W T o :-rﬂk e '--5 y -': o i e i
R O iy SR A LU
: 0 a- =e 'ux StFlthl‘lS w;Lth complete qecordq through the dry seaso.-b_',_
. i, MA ' e s; oy hermr ‘_o be May -to - Octobex "»"2:-,




- T BN <3 rutu;e flows rar be'forecast Ercms , , .
S h L i : - o .
Lo vj-.. i [ : ' /// . o R o T Cooow
Lo : "}’. = .,;ri‘.) . eXp ..(_t.r I(}(B’:C) T ‘
w v ot -u.*”.:'.-i v ' i . ‘i—i@“; : R e
W o ‘«"-',_"'/ﬁ e . 'f I . ,',‘_H‘
o et 4 Where: Co i mond‘lb’ WEraqc fJ w to br. foreéa.,
oo ‘ v v":"" f/ . . ‘E . -\};‘ b T v, n y L AN
L //i‘ e i tuture (C:mTPCS‘ . , i S \\ ;;I. G e w o
fi /| .\ . :§I\ : . . o e ‘-*I'““'t' o U, * ) ‘l‘.|. X w i NS L | 7 | e
Ly B & 200 -_JQ is: mfnht:‘hly average flow Row (Cumecsi e
."{ v !r“,\‘ [‘.. b H h . '
: t rwthc for'-*ca.‘t 1ead ‘time t.nonth.:,) _
. . [ - b
. {/ L Y, I} N Q\ RS o : i
L 5,2 Where ij,d"--d:et:ords; arg) -a'vaila];l‘e‘, ‘the follewing prdceduremay be
7 S used: YT ““:. : S - . o :
‘ N .!’L.3:\ _y 'f.‘" o 1 ‘.;:‘;\ . } _‘ ” \l‘ : 'f{ {{ 5 I . ,{ ‘:,:; .
:: oo \)"\( Wl S - 2‘4‘ ]."J . cgi\IICL.l ate FREt er'-f!l \"}"L““ . . o s \r i ' u
Tat A ERT OO ‘
T rREr“ 2.17 +.‘-::45 T5(10)
' ,r,_E i I j“.ﬂ ‘ I ;,-_-: e \‘\ . . ’ ol
\u, ,,,a , N WA ke 5 “,, . ,Repeat 5.1.06 LY a';;;:ﬁmrn.g e
g N O TRy
| Y803 A ...atit.»factory »,Cf"-‘?f\'}i.‘v.:.'ﬁe beitween url (nde 2 can be found
el gy . wheze a lxmlt.ed auanqty of. data- s, wwaxlable-
. s i ," . \
it '
i ll'\ Wl
t .E- 1) BRNTY \ N
' ‘ y
t i ,
I - ; ;
v o0 o
T
- . h ,:3.“ ‘
e 1 ' t
e o W dew M ik
S L ' N

RN

® 1 ‘./ . e _ . y ,
_-.f;';"‘, 5.1.) La..culate ..he monthly ave ageI flow for May” ‘Junea, Jqu,._‘,
R August, qepte'nber, October i‘ur each Comp._e‘.tc_ yea of‘ £y
S record. L T Lo 2
- ", . . . } . ""f.!, .-. c ‘ i ‘._ ‘ﬂ.“‘ P <\|‘ \‘_
) :J) 5.1.2 ”1°t 1‘39 (monthaly flow) ayainst the month for osach o
i '!‘l////' ";‘\\"‘.‘ 1 3 . ) ' year spparately‘ . (‘ S e :IT.’ S . o .\i\; ‘
. i '.:? . W : . Lo, S . ' ) "\, )
*” A 5.1.3° Fi1‘ a strai.ght line (by ey ") r.hrcuql‘: i.}u.- data for: =uch '
Y o f : G g . | .
P LN I . [N A
' T 5.1.4;,- Calculate recessmn,cunsﬂznw( (ir\ month.,) 'Nor each ') I
IR 7 - . . : s W
. ‘ - ) o Y \.ul - . . } . L o
,1“3-3_'--},[ Cﬁr‘tChiﬁﬁnt qugr'-cm- rm,e,_,_,;_on constant ’RREC) is axxt.hm‘;.z,;‘_ | !
e }ﬂeun é_\f ﬁmfyedr‘;y valug;._f;. v "3\-\.- . ; i -’
o S e, [ -




APPENDIX B:  FLOOD ESTIMATION PROCEDURES - .

) ‘- ' "'{.-',:“(l"
' Yoot "

I 1
. o . . L. N ot O .
i 8 0o " A + - f )

'rm, procedqree descr_.)eo here are i.nte ded ta provide an aeeti:nélm of e
the flood which has a retugn period of T\yrnars (kriown as. the T ve.e‘r,i ;o

ilood)., There are two separate parts to' the procedure,  relating ' A :
(i) to the mean annual flood, and (1i) to the flood frermency eurveyaT s gy
which are combined to give the required f dvad A e e Yy i T AN
i. zsrxmr:om OF ms MERY N m.o (M. _' . ]

1,1 Five years of data are a-onsn.dexed adequaee for estimatJ.on of
MAF from data alone, ] hough a-check! \m.th the regional ,n MR
estisate will be usefil Howewir, even one complete year ST ’
data 1§ useful, and-the met.hod is as follows.‘ S :
S : P et S ;f ‘ 0 ; ey L o ; SRR
v i’,.\i 1. 1 Serer:t# -hi shest flood (r":.zmecs) it ekgx.,h water‘year :
F R A Ry W{No“'embe}r to o:-tober,', PROPPIN e "}':," G R
"k'_.: f 1. l: s ‘lAF = thel’ rttm"’btir moan o" thc” cmmzﬂ"‘ g‘c\zcdg “:f’fi;*lf "“»“-"’; LPRRCRN
I A \} T 'rxff‘k e o B e ' ..\\w,- j T ,»\,
; J_'f-2 *"I'm-_ MIF can he es*imatc.d .x.,xom catc'l mem ..\\ l‘ararterggtlcs'\ag “
follows. /. . IN}‘(\\ . 3, B . \“ ""':'.":T:‘:..-LT,'.“::‘. -
Ly ) C

. © 4..2.1" Measure the \catchment ared RHP.E‘A) according to t:he~ L
: instructicns}?given in Chapter 3 ' I

dl . . SR "I\I L
o 1.2.2 "Measure:the giream’ frequency (STMFRQ) acuo. T
the inst*:ucb\\icﬁ\q given in Chawter 3 )
1.2.3 Calculate. *'..h'é NIA: from"‘ | o _
. 1 ) . . I .
= '1:"'-(;3-89 AREA' 35 q'rMFRQ' A T U
i 3 r Tt _ i ] ? . 7. ,‘J.' Ty N ,."‘ . Sk ‘-“"_/."‘.._,_M . _’“J _:J:.

1.3 Wheré' a fev?"'uuaia. af dat.a are quL ‘*‘]e, _‘ hstimate MAF by igoth ,

Wy T B
nethods ar.zicrionse’ some 1ntermed1\ﬁte value. Guidance’in’ TV g
selectmg thys! v‘.lue.,,,i_, given Al Chapter 6. R B
e . "ﬂvl,_ *\\ fo- -7 ':‘ '\I‘ . ‘_'_. L ,”fv,/ ‘ﬂ“”‘u . ‘!,J‘:‘ } . Car e - - ’/J I R
2. ESTIMATION OF THE FLQU}, -"E'?:NCY VURVE: i o
o 1.‘. 5\ L . A . ’ .\
It is recommonded that: ,t.um‘ g’gona.g f;ood frequenﬂy cur, givr; in. A

RS

Figure 6.2 is more rziiable Khan ‘@ cuive derived: from even 20 years of
data at a particular stavion. H\'I‘he procedure for obtdining & T-year flood

ir A k
ls as fOllOWS S ’ \N? RTINS AN ) T PRI " O Y . o L, . [ b
. L T . B " . Ll.‘ . . Wt v LR . ‘ , L ‘l‘:, SO ot e

2.1, (..hcose t.he des:.gn return _period 'I‘. . L o | \

2. 2 Est:unate the ratio Q(T) /MAF from Table 6. l Alternat*vely,
this ratio can be obta.:.ned for any value of T from. R

s = in(eln(i-tm)
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APPEMD]Y ;' WORKED EXAHPLE OF ESTIMATION PROCEDURES

We will undertake an example analysis for an imaginary site of
interest - this is where the Lilongwe-Salima road crosses the Lumbadzi
river. Figure Cl is a plan of the catr,hment at a scale of 1:250 000,
and the area {AREA) is ncminally 430 km?. We require to derive the
average daily flow, the flow duration curve, the low flow frequency
curve and the recession characteristics of the Lumbadzi ri- - at this
point. 1In addition we will estimate the 100 year return pet iod T

e s - — e =

flood. The procedural steps relate Lo the estimaticn procs lure jiven
- in appendices A and B, ' '

AVERAGE DAILY FLOW

What is the average daily flow (ADF) at the site in question? For
convenience we have reproduced a map of average annual :ainfall for the

catchment in Figqure C.Z.

1.1 cCatchment area (AREA) is given as 430 km?.

1.2 Estimate AAR from Figure C.2. AR = J9% mm

AAY = 187' mm

255

1.4 Calculate ADF ADF = S cumecs

1.3 Estimate average annual yield

FLOW DURAT1ON CURVE . S

Derive the 10-day and l-day flow duration curwves for Lhe point of ,
interest. For convenience, the map of Q75(10) .- the l0-day 75 percentile L
flow as % ACF - has been reproduced for the Latchmpnt: in Figure C 3. ' B

2.2.1 Estimate Q75(10) Q75(10) = .2.,.1..s ?A‘Dﬁ' Ay e : e Y '*‘.;,"‘.i

It :'“ 4?-'.»“"

- g : /
2.2.3 Estimate Q25(10) ")25(10) q‘l RADF ' ?';_.(’}

]

2.2.4 Convert to cumecs Q75110) '°ss cumecs

. Q25(10) = 2‘3?- cumecs

'2.2.5 Plot Q75(10) and Q25(10) on Figure C.4 -~ .

2.2.6 Draw straight line. t.hrough 2 pamts.

W 2,202 vEéttmate g7s(1 Y 975 e @9 sane [
Repeat 2.2.3 - 2.2.6 for o ,Q’?S(l)' = 059. cumecs N 118
D=1 da . ﬂ 4
s, : L d | Q25(1) = %ADF S
- R O v Q25(1) = .4 204 cumecs | o

e T e v :
ﬁ**t,‘-*,*‘-,‘,*‘*&‘n,&‘-‘-d--l-d-‘--l-&d-l.".l.':.l."_l..g.A..I_‘L.i..n
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To

We have one year's flow data at this site, which is given in Table C.1.
Using Table C.2 and the procedure given in steps 2.1.1 and 2.1.3,
derive the flow duration curve for this vyear's data (in Table C.2,
the last column is produced u¢ .19 the year's ADF - 5.99 cumecs).
Using the long term ADF derived above, reproduce this flow duratlo
curve on Figure C.4 for comparison f j
:*t**t.**.i‘-***i**l***._*******.”***.****Lt"?{*»-*'f}
What is the 10-day average flow which we could expect to be exceeded
| 95% of the time? 095(10) = :PRB " cumecs
LOW FLOW FREQUENCY CURVE
Derive the 20-day duration low flow freguency c'_uxl‘v.e..,_ g _,_Jl,!_."_ b
3.2.1 Estimate MAM(10) - the Jo-day mean =
annual minimum L ©MAM(10) = Q. 31 % Ax
Sy 3.2.2 Estimate MAM(90) - mm(go)_"‘s .41..9 v LD g?
3.2.3 Derive ordinates of low flow frequency curve-- ] 2
W = 0.5 1.0 - "~'-1f5'._ 20’;___ r:, N
Ordinate = » 2 ‘°7- e 0 ;.ra:*tlons cf MAM(D))
ordinate = 1.l ©%6 .08 . /’J 7 {a-HOF) _—
Ay T PRCORE ﬂ R I
3.2.4  ordifiate = .0S0 G224 °°°7— L8 °, (cumecs) |
. .r ke "
3.2.5 Construct low flow frequency curve an \Flaure C 5 R
_as in steps 3.1.3 and 3 Lede | |
a R : ‘)‘eI:_ : '-rj'i:::‘
Do what is the approxlmate return perlod of a 90 rlay o
O R ccntinuous period of zero flow? : - Lot T o= N years
it | . . v S _' ) a8 \i\\ N
‘ RECESSION CHARACTERISTICS P e

| \

Derive the characteris_tic recession constani (KREC) .

f St e N
T ) Teniy AP ’ ’
#, Sk b e, [ "
Lt . J - S e | 3 RN - ' 4 i
L . ' PR s ni e L Ry . O . Lo
. ; . . I . b K b !
. " PR . o :
- | 5o e o - : . ' A Ly o
; R Ly
- 3ory e . . :

-;':Ez:t mate K.L.E( 7 KREC = 005 months

B N : Iy i ep e G o ../,_.- . ‘ . .
Glven that the qveraqn- £ L.v in June waa o. 1; cumncs at the site of
ln?-;rﬂa t" . whdt 3 f‘) o av( 1e f]_gw 1_n October lln‘_‘,‘ly to ' Ha? Use the )
equat {c given in’ st ep 3 .\-;‘K;‘ : )
ved A .,1 ) u:. ! S "r “‘r’l :‘,‘.. . ey . Y . L SIS

Foreca.-..t: ’ead time t = s months

N L
' . Foreca'st October L:'aw -:i. Q% cumecs
2 ' ks :_‘.":‘/‘ By B ‘ . X e . \'!: ‘E . v f
F;,oon SSTIKAT . " | o e
s B SR '
o

f’-r»—’

The strean freauency (S'I'MFRQ) “has boen measured:"at'."f.ls junctions per

A ; - .
: square k;lometz_h. - : S e Y
AL . - s a PR
_ _ : YE
‘. ” . - - e oot B i) FAAR ; :
A Y e . FL] Jifh o R
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Tabla C.; s Ono yeeu: s data

JAN

4.04
3.35
8.86
31.06
121.90
74.85
21,57
1" 33
51
.80

'3.36‘

jffvad,

30.60

!
Note

i
- tu.\‘

FEB

19.00
8.15
5.01
3.84
4.08
8.74
7.52

21.41

8.64

6.77
 6.47

9.8)
12.0::

47.5L%
54.78

46.18

44.40°
- 42.39
41.48
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39.00.
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I _JT-.M. ; ,-.
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p.44fh
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Estimate the‘ mean annual flood

. 2.1 Estimate Q(T)/MAF for T=100 years

i

Estimate the 100~-year flood
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