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" SUMMARY

Thé:Zululand cbastal“plain on the eastein-seaboard of South
‘Africa contains 1arge quantities of readily available fresh
‘watér; Léke‘St_Luéia, 1ocated.within'th¢ plain; iS'a wetland
-habitat:-internation&ll§ recognised - for'  its envifonméntal
.' imp'ortahce. Yét' over thé past feﬁ— decades e#tensive forest
developments.have.taken place within the lake catchment. The
considerably higher transpiration rate of the fast growing ..
" trees plénted there over those of grassland environments they
:repiéced is.weil'égtablished. The effects on the hydrological
' balance of . the lake and it§ envifons.of fhé greater water
llo.ss resulting from’ t_his.'. land use modification has however

been the subject of much speculation. .

| This xsi;.t:_ldy'_ anélyses the hydrological regime of the eastern
shores p’léi_n over the 17 years from 1973 to 1990. Du_r‘ihg this
pefiod both wet and dry climatid_ conditions were experienced,
“and in 1981 a planfation covering 1100 ha wﬁs established._
In f-_'-'order ‘to clarify ' the magnituae and variability of
. l}ydroiogic’él parameters under:- natu:fal and under . aitered
| _conditiohs, - conipérisons : _were_' made between ~wet and dry
:perio_ds ’ and .bett».ze'er-x -.gr_as_sl'ands . and fores_ted. - areas. The
- extent 'fo which 'plan_tations. -_have modified 't':he- hydrological:
.ba;.l.a.l..nc.é_'”could- thus ,_be. .'detérmined énd placed in .regionai

' perspective.-; '

"The study'_- .-'bégaii_ with. reviews of the -physiogr_dphy— -0of the

B _e'a'stern'. shores éatchment area and of the existing data base
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(chap.tér 2i, - Following "a .subStant:i.al upgrading_ of the
-hydrometric - Vnetwork' {chapter 3), specific data. collection
took pla_ce. The componénts of f.he hydrological cycle were
."_t__hen. ‘ass.ess'ed. in - order to - identify differences in
| hydrological response both to climatit:‘ va‘riabi.lity and to
1and use. The résuits' ;}f these assessments are presented as
'.individ_ual sections on h:etéorology (chapter _4),. surface

hydrology (chapter 5), and geohydrology (chapter 6).

It "is the conclusion of th.e study that in this sub-tropical
envifonment ’ with. shallow dépths to groundwater; commercial
_-Eorests are respor_lsible fqr an .additional constllmptive. use of
water. o'f. between 150 and 175 . mm/year. .In thé i‘egional
pei‘spéctiv§ of the watef balance_ of Lake St. Lucia, the total
‘forest'ed_ area of 25 000 ha wil_l'thus he.-seen to loﬁer average
—,inflow to the lake b'y between '.10%_ and 12%. Dui:ing extreme dry

 periods this figure increases to approximately 30%.

: Altﬁbugﬁ the;lr..a.lre: éreatest dﬁring dfy climétic cycles, the
effects of such a reduct-iOn in water yield are at all times
_significant; ' In the first place, the water balance of the
~lake isr seriously "affecte._d.';. In the secor.x.d, with a redﬁction
- in .its'h fresﬁ watér 1nput, .'t'he " -Salinity..'balance of tﬁé lake
.cahnot. but b_e. inf]_-uénc_e'd.'. In .th'e third, changes in this
: sa].:.m.ty balance will have a direct -il;lpact on the flora and
'_-Vfauna't_ of. IIthe lake_ ahd its environs. It is to be hoped that
. foilowir_zlg'_.the. proéf)séd futﬁre removal of the plantations from
o the" éasterﬁ_ shoréé} th.e..si_i.:u'ation will .iinpro.ve_. However, the

r.remaining 20 000 ha under commercial forestry on the western
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§ shores will continue to have a significant effect upon the

- hydrology of Lake St Lucia.
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OPSOMMING

i_)i_é Zoe’loglandse_ ku.svlakte_'_aan die'_ obskus van Suid—Afrika
Ibe‘}é.i:' gtbot hoeveelhede geredelik beskikbare-_vérsbvater, Die
'St Luc1a~—meer op hierdie vlakte is 'n vleigebiedhabitat wat
:_Lntemasionaal- erken word ‘as 'n belangrlke natuurbewarlngs-
gebied; -Die afgelopé paar 'dekades is daar egter groot plant-
.aSJ.es ‘ tot stand gebrlng bhinne d:.e meer se opvangsgebied.
Daar 1s onteensegllk bewys dat d:l.e transplrasz.e van die
vinnig groelerde_ bome veel hodr is as dié van die grasvelde
wai: .deur aie_ "plax.lt.asies vervang is.. Daar is egter .baie
L bespiégel oor die- uitwerk_ing wat_ dié grote.r.waterverlies , as.
_ gevolg van die. \_(é_randerde groﬁdgebruik,. op die hidrologiese

 balans van die meer en sy omgewing het.

In hi.e'::_'die ‘studie _word : dié hidrqlog_iese ;:'egime van die
- kusvlakte aan die oostelike oewer van .d‘ie ﬁlee;'_ oor die 17
'_jaar-]vanaf1973' tot. 1990 fgeanaliseér; Gedurende hierdie
?efiéde_ is éroe_ sowel as nat weersomstandighede ondervind. I_n'
: ‘_198‘!.__' is '_n : pla.ntasfie. _vap_- 1100 : ha aar_lgeplant. ‘Ten einde die
.g.;zxfodthei'd en verandé.rlik'hei'ci. van die hidrologiese.p'arémeters
| , onder natuurllke en gewys:.gde omstandlghede vas te stel, is
___vergelyklngs gedoen tussen droe en nat perlodes en tussen_
._:._gz;asvelde :_'Ve_n aangeplante , bosgeblede. : Sodoende kon _daar
.- .'---“vasgetstéi'word 1n watter_ mate die -plantasies die hidrologiese
.balansgewys:.g het en kon dlt in perspektlef geplaas word met

> betrekk:mg tot die bepaalde gebled

| _'I)'J_'.e‘._' Stiﬁdié het begln ﬁlet "h-__‘op_rsig cor sowel die fisiografie



van '._die. opirahgsgebiecie_ aan die oostelike oewei'- as oqi‘ die
_ 'b-é's_t':éand'e. d&tabé'sié '(hOOfstuk 2). 'n Aansienlike opgradering
van die ,h'id'rbn_x.e'ti:iése netwerk (hoofstuk 3) is gevolg deur die
véi's'amel.ing': van spe'sifieké data. Die komponeﬁté 'van die
-h:iciro.logiése siklus 1s daa:fna bepaai ten einde die verskille '
- 't'é : idéntifiseef' in (-flie hidrologiése reaksie op sowel

kllmaats— as grondgehrulksveranderlnge. D:|.e resultate hiervan

word aangeb:.ed as afsonderllke afdel:mgs oor meteorologle

: (hoofstuk 4), oppervlakhldrologle (hoofstuk 5) en geohidro-

logle (hoofstuk 6).

!~D.1e gévolgtrekklng waartoe in hierdie studie gekom word, 1s-
dat in hierdie subtroplese omgew1ng met sy vlak oppervlak-
| water—,' kommersiéle plantas:Les verantwoordellk is vir die
..gebrulk van 'n add:.slonele 150 mm tot 175 mm water per jaar.

- In perspektlef geplaas met betrekklng tot die waterbalans van
| dle st Luc:.a~—meer, kom dit daarop neer dat die totale plant-
'."a51egeb1ed van 25 000 ha da.e watertoevloel tot die meer
"'vermlnder met tussen 10% en 12%, - en gedurende uiters droe

~ tydperke toeneem tot onggveer_ 30%.

'_ﬁoewel die ultwerklng van vermlnderde watertoevloe:. die
- ._grootste 1s gedurende dle droe k].:l.maat51klus p het dit te alle
tye 'n groot impak. In dze eerste plek word die waterbalans

_van dxe meer emstltj belnvloed Tweedens is dit onvermydellk
_--.-dat n afname in d1e toevloei van varswater die soutgehalte
van die -meer__sal belnvloed. Derdens het 'n verandering in die

'3_='l'sollitj'—lrso.1.1tgelialtéj'va_ui'-.dié"méer 'n diiekté_impak ob die flora en

A_f_éuna van ‘die meer en sy omgewing. Daar word gehoop dat die
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voorgesteldé.Gerﬁydgringivan'dieIplantasies aan die oostelike
_oewer van die'meer.dié situasie sal verbeter. Die corblywende
V_ZO-OQO ha kommersiélé-plantasies aan die westelike oéwer sal
 e§té£ étéé&s 'h'aansienlike.uitwerkiﬁg_dp dié hidroldgie-van

‘@ie St Lucia-meer hé.

r
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' CHAPTER 1
" INTRODUCTION

The ; Zululand coastai : t;itain' is an environmentally sensitive
regron 1ooated,' on_ the eastern seaboard_ of .South Africa. It
e:ttends from Mtun21n1 in the south to Kosi /Bay on the.
Mozambrque;-border, a dlstanee of: some 250 km (Flgure 1.1).
V_This-.area of approx1mately 9000 km* is comprised geologically -
:.o'_f."uncon.solidated alluv?ial esturine and aeo_lian' sands and
clafs" Wthh under natural .condition"s contain a large,
'~.t_re11ahle and potentlally high yielding aqu:l.fer (Worthlngton,r
| . 1978) - The p_resence of this aqnlfer_- has led to the._
'.recog_nition of good denelopment 'prospec'ts for'both industry'

and agriculture (Worthington , 1 978). "

"In the. south the development of Rlchards Bay in the early -
'._19705 1nvolved the creatlon of a deep water harbour, the
' establlshment of an industrial centre, and  the expansuon of
"._resz.dent:l.al areas. The hlgh water demands envisaged from such
3 development were expected to be supplled ‘locally from both'.
' ground 'and : surface water resources (Bachmat, 1975).7
- Hydrologlcal. stud:.es were comm1551oned to determ:.ne "the
.__'quantlty and quallty of these local water resources (Bachmat,
3.1975 5 ‘Du Preez, 1975, and".Worthingto.n, 1978). VThe specific
:-.emphaSJ,s of these studles was on water management and water
-."supply “for Rlchards. Bay, thus they allowed the hydrological
'-reglme around Rlchards Bay to be more fullyr understood Slnce

._the area 1s s:.tuated on the coastal pla:.n, however, ' the
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F*geological-and geohydrological information they produced also
offers useful 1nd1cat10ns of the condltlons to be expected

over a w1der extent of the plaln.

l“dvef'the remainder_of'tne Zululand coastal_plain; agriculture
end.conservacion forn tne main land uses. Consequently little
nettention' has 'been-pgiﬁen' to the hydrology- ofr'the_area;
Agriculturélly .the region is .relatively' undeveloped _due
_ perhaps to the predomlnance of thin - and sandy soils which
.have a low productlve capac1ty, and to the region's relatlve
'_1solat1on Erom : the major markets. As groundwater is readlly
l;avallable,f and as so11 - and locatlon factors are not so
_crucial,;falrly extensive timber ‘and sugar cane plantatlons
'since fhe 19505'have been established_throughout the plain.
_ Espe01ally durlng the 19605 .and 1970s these plantations
'underwent con51derable expan51on and now cover large areas.
:Thzs-; expans1on -“took ' place. rather . haphazardly ~ and
unfortunately no parallel hydrologlcal studies were conducted_
4t0;1_assess—e the ,jenvlronmental : consequences of = these

" developments.

'In-dtne ,Sﬁn tucie;'area, :various nodifications within the
,pcetchmentrarea_geve riSeito_concern'as_early_a3'1954-(ﬁay et
al, 1954) - One of the ‘major _causes@ for concern was the
"ihydrologlcal f_effect-' onu. the ;"1eke':decosystem' of ther
f-establlshment. of large plantat1ons of exotlc fast grow1ng
trees.-_around the lake.-- A government Comm1551on- of Enqulry'
'_appointed to 1nvestlgate the alleged threat to plant and

'anlmal llfe ' st - Lucla__lake“ stated - that fﬂ..la:ge



.plantations of exotic tr'ee'-s‘ in the St Lucia catchment may
affecti the . .runoff [into the lake] deleteriocusly” (Kriel,
_1966) 'I'hls commission recommended that '"further development |
' of the - St Luc1a catchment area should ‘be planned to be
-carrled out in such a.’ way that suff1c1ent water supplies to
the ‘Lake are ensured..." and  that ""nydrological
ihvestigatiens should - be 'c:ontinued and expahded so that
“calculation .of' water requirements [of the lake system] can be
'improved;'..-. " . Following .the t:eblication of the " report
of this Cbmmissien of 'Enquiry, . much- investigative research
-ﬁast -coaauetea. .He;eve_r_ thls generaily' .took.‘.. the form of
reviews . of pre\fibns werk and led te' 'recox.nmendation_s for

" future research.

' Follew.ing 'reviews .of. availahle -information in 1968, Nanni.
cbndluded that the "forest plantations in the Vicinitf ef the
- lake ~could have no more than. a slight effect on the salinity
of the lake s water . This .coaclt_xsidr_l was at odds. with the
flndlngs of Tlnley, ,whe in - 1969 ’ 'had argued that since
'-.._groundwater, seepage was eolely responsible for maintaining
'_ '_La-ke-' Sibaya: (Figure 1. 1')-," it muSt plaj ah'importaht role in
~the water. balance of Lake st Luc1a. Cohsecjuently,- any
; forestry mduced reductlon of 1nflow from the per1phera1
- areas. of the 1ake would have an - 1nf1uence on 1ts sallnlty
; “ balance-. Tlnley went on. to recommend that sand - plains
-':_perlpheral to the lake should be urgeni:lyr restored to their

: -‘_orlglnal state. - g

“In 1970, in response to the recommendations of the Commission



h of'Enquiryd(Krielf‘1966); the Natal Provincial Administration
-.1n1t1ated the collectlon of hydrologlcal and meteorological
data ‘as well as a programme of hydrologlcal research around
-Lake St'_Luc1a. _ThlS programme resulted in reports by
Hutchison and Pitman (1973), and by Hutchison (1974a, 1974b,
.iQ?S;:“and _1916a)' whieh' indicated ‘that Ehe water losses
;resuiﬁing fremrpiantatiems situated'on:the eastern shores of
.Ehe'_lake' amounted to an average 3 :x;:105 m*>/year. In his
,presehtatioh -to.'the st Lucia. Scientifie Advisory Council

Hutchison' was specific- in ascribing the ISOle significant
cause of the present extreme salinity condltlons in the 1ake,

_Jto developments -such -as: 1rr1gat10n, afforestatlon and dam

.constructlon (Hutchlson, 1976b in Heydoorn, 1976).

_ bespite ‘this ‘proliferation of hydrological. research which
highlighfedi"the.r 1ikely' - detrimental -~ consequences "of
,afforestatlon, plantatlons contlnued to expand in size and
number on both the eastern and the western shores ‘of the

_lake durlng the 19705 and - 19805.-._'

_in.rhe=f95ds:severelﬁbodies;iincluding the kwaZulu Deparﬁment'
_ of Agriculture and Forestry (Berridge, 1986), the Division of

_-GeeﬁfdrOIOgyﬁfef 'ﬁhe Debartment::of Waﬁerf Affairs (Muller, |
_:i986);:£he South-African Forestry Research Institute_(Lindley
' and Scott, " 198?);“"and-:the Natai' Perks; 'Game and Fish
'Preservatlon Board (Porter,.1987),'expressed 1nterest in the
- further:. exam1nat1on of the hydrologlcal -consequences -of

-:aféorestatlon Problems_they 1dent1f1ed as being associated

rw1th;the,developmentjof large.scale timber.blantations.in the



Zululand_ ‘coastal plain are summarised below:

1. ‘The inflow of water to Lake St I.;ucia,- which has already
'.been .. sevei‘elf  affected by inland = water resources
.r.-rdevelopments, _ notably the Hluhluwe Dam, is " now niostly

restr:.cted to d:.rect prec1p1tat10n and to seepage flows from
:the areas border:mg the lake (Tinley, 1971). It is possible
: that even. these‘ seepage flows are being pnogressively_ reduced
by ‘the ' consumptive use of groundwater by exotlc t:unber

' 'plantatlons (Porter ’ 1 987).

,’It’:'-i;s ,further_ po.ssill)le that the“'increas.i“ng, fluctuations in
.Ehe.'sa.l:i.'nity' of the ‘lake -~ which.' h'ave many :environmental
| 1mp1:|.cat10ns — are due to the same- phenomenon. Tak:Lng up the
. .:argument ‘begun in the 19605 'between Nanni and Tinley, the
South' Afrxcan Forestry Research Institute found otherwise,
'._howe_ver 71_n their assessment of the 1mpact of pine plantations
on-' the _grounawater_ resources of -..the .eastern shoree (Lindley
'and- Scott 1987). They--'concindea, i.n soite of ‘-acknowledging

estlmated reductlons in fresh water [yleld] {(up to 20%) to-
the" surface water [due to afforestat:.on]" that reductlons_ in

fresh ‘water 1nputS' attributed to afforestation "...have a

_negligible influence on general lake salinity...".

: 2;.-_ -Tl";e-,t:"._mber_plantations around ' Lake Sibaya suffer from a
water-: 's'ho'r."tage- during dry- oeriods; leading _to ‘a ‘decline in-
-growth and.‘in some cases the death of trees (Berridge, 1986).

,' 3 The “alteration of the geohydrology in the region has had



‘_'o;‘._ may have' th'e " _following effects in .certain areas:
" unviability.: for. fnrther' agricultural development; increased
cost of water 'extractiOn for human use; and.potential harm to
the water quallty of the region (Berrldge, 1986 and’ Muller,
[1985),;_a-}*~fﬂ I T S A

VThIS study of the geohydrology of a part of the St Lucia
_aqu:.fer has been conducted with the aim of clarlfylng the.
.extent and magn:.tude of these problems. Its objective was to
' monltor the’ hydrolog1cal regime of a: section of the Zululand
. coastal- plain’ 1n order 'to 'evaluate ‘the effects both of
"_:natural env1ronmental fluctuatlons and of human induced land
" use mod::.flcatlons upon the water balance of the - area.
: Atta1n1ng th:.s objectlve shOuld allow estimates to be made of'

~ the hydrolog1cal response of the system to future changes in

The S.tl.laY' 'area".selected. 1s ._lsituated within ‘the_.EastErn ‘Shores '
_'State"Forest. adjacent to I.ake ..St Lucia between Cape vidal and
M1551on Rocks (Flgure 1. 1) Here, as a consequence of the.
controlled and llmlted plantatlon ' de\.relopment,_._' it was
: poss:.ble to 1dent:|.fy d:.stlnct areas w1th different land. uses.
' Slnce there was an establlshed groundwater moru.torlng network__.
'w1th a data-base coverlng 17 “years the reg:l.on could ‘be
asses.sed under a w1de range of cllmatlc conditions. And" given -
the area selected and the. time period avallable :Lt was
: pos51ble to 1nvest1gate the hydrolog:.cal responses ‘to the.

.plantatlon progress1vely from 1ts plant1ng to 1ts maturatlon. :

-"'The remalnder of the commerclal forest cycle (clear—felllng
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and_fe-establishing) could not be covered since harvesting is
-only programmed for 1992 (Owen, 1989), and re-establishment
after . this” clear-felling, is not,. at present, envisaged
(Lubke,ﬁ1990). - However, the effects of élantation removal
cén_ be . inferred on the basis of the behaviour of the
surroﬁndihg-un—forested'areas, remaining to be confirmed by

~ future investigations.

A'.comprehensive literature search  was undertaken by the
Council for scientific and Industrial Research. It showed
that the effects of both environment and human activity on
éhallow gechydrological - conditions have been studied
% extensively .and that much attention has been devoted to
vegetafion—hydrology inter-relationships. The 400 entries
- produced by the Search cover many aspects of the project and
peitain‘to many parts of the world. The direct extrapolation
.of thisfpublished information to the Eastern Shores State
Forest ﬁaé not feasible since the climatic, geological and
geohydfological différenﬁes'between this area and other sites
-were -tob great;'-Yet -fhese studies did provide useful
'indicétors'of tﬁé magnitude and variability of theiresults to

be expected.

"In-recent_years.much-work has been done on the quantification
off e?aporation from different types and densities of
vegetation. Bosch -and Hewlett, in their review of 94
‘catchment experiments (1982), estimated that a change in
.vegetation cover from grasslands to mature conifers or

eucalypts causes a reduction -in total water yield of
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_aﬁ)proximately 400 mm/year. Greenwood et al (1985) indicated
that annual’ evaporation loss from various Eucalyptus species
was hetween - 1300 and 1900 mm higher than from grazed
__pa_sti_z;:es._ Experimental work conducted by Bosch (1979 and
'1382) reported by Lindley and Scott (1987), indicated that
the _. ‘pine trees in t:he' Cathedral Peak and Jonkershoek
.catchmehts start to use more water than grasslands after
'._approximately_ four to five years. The increase continues for

.20 to 25 years, after which it stabilises.

'Carbo.n et al (1982). suggested that Pinus pinaster, in a
Western Australian environment similar to the Zululand
coastal plain, could reduce groundwater recharge by tapping
'soil moisture to' a greater degree than stands of hardwood
 trees. waever, the extent to which pine trees de-water a
'region was questioned by Riekirk et al (1_978). In a coastal
plain environment in Florida, whexre water waé readily
available, their study showed evaporation losses accountable
to Pinus elliotti.i Vwere only the equivalent of 58% of the

annual rainfall total.

Oﬁ the Zululand coastal plain, the sandy ter:;ain enables pine
.-trees fq .develop_ deep tap-roots which extend below the water
téble_ and which are greatly branched -in the unsaturated zone
{(Haigh, 1966) . Consequently the trees are able not only to
‘utilise the water frbm the saturated layer, but also to
extract available moisture from the unsaturated zohe. The
| efficie'ncy' with which they can utilise the unsaturated zone

is confirmed by the example of pine trees planted on the high



10

éoaStal dunes between St Lucia and@ Cape Vidal. These trees
are unlikely' to have formed tap-roots deep enough to reach
the water table which is ﬁp to 100 m hélow the dune crests

(Lymi\’, 1990), but still appear to be healthy.:

This .study. began with' reviews of the physiography of the
ea_stern -sh-ores catchment area, and of the existinQ data-base
(_éhﬁpter 2). Following a. sﬁbstantial upgrading of the
h’ydrometfié net:wo.rk (outlined in chapter 3)_ specific data
collection took place. The components of the hydrological
cycle " 'ﬁere then assessed in ordér to define differences in
_ hyd'rorlogical_ response both to climatic wvariability and to
"'.J..at.xd'._ The results from these assessments are presented as
ix_ldi-viduai 'éectioné -on meteoroloqgy (chapter 4), surface

hydrology (chapter 5) and geohydrology (chapter 6).
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CHAPTER 2
. CATCHMENT AND DATA DESCRIPTIONS

Geograph.ically., "the eastern shores plain is located on the
 isthmus between Lake St Lucia and the Indian Ocean (Figure
-2.1_"),. This isthmus is, in its entirety, un-alienated State
-Uland: the:fe is no private land ownership. The study area lies
within - thé Eastern Shores State Forest and the St Lucia
Nat:.i.onal. Park. Thé former is c'urrently. under the Joint
jufisdiction .of the Natal Parks Board (NPB) and the
Depa.rtmént' of Forestry, whereas the latter is under the sole
" control of. the NPB. Apart from the specific areas devoted to
:commercial' forests,_ the entire region is maintained as a
. ccins.ervation. a;'t:ea, thé fauna and flora being managed ahd.
ccintroi_le’d by the NPB. The sf:udy area comprises a low lying
ﬁ:lain'bounded to the west by Lake St Lucia and to the east by
thé Mfabeni ‘Swamp (Figure 2;1). A commercial plantation forms
'-.ag continuous unit in the centre of  the plain and is
'_-su"rrdunded by managed grasslands and swampy areas. As the St
Luqia_ National Park extends 800 m from the lake shoreline, no
'fqres_ﬁt dex}elopment has occurred along the edges of the plain.
Fdr many .y_eérs,_ and at the initiation of various bodies, a
;aﬁg_e of hydrblégical and meteorological parameters have been
ré;:o:.r:dé-dm within and surrounding the area. 'Since the
:re@iréménts and the pufposes of the data have differed,
ther.e is little uniformity in the daté base. As a consegquence

“the data have had to be collated into a standard form to
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facilitate this_particular study.
2.1 METEOROLOGY

,Méfebrological data have beeh- collected_ at several sites
-around the studf area for vérying periods by both official
{Weather Bﬁreau):and private observers (Taylér; 1982) (Figure
Z.ij; _+Variables monitored include rainfall, tempefature,
'humidiﬁy, :air pressure; evaporatioh, barometric pressure,

wind speed and wind direction.

'The{Weather Bureau of the Depaftment of Environmeht Affairs
éontrols. 11 observation statibns within the area east of
32 15' and between latitude5'28 " 00' and 28 30'. At 9 of '
'theée'stafions daiiy'recordings of-iainfall only are taken.
Additiohal- readihgs are taken at Riverview (0339357) of
temperature and wind, and at Cape St Lucia (0338720) of

‘temperature, barometric pressure and wind.

Rainfall“fecording stations are reasonably well distributed
arouﬁd thé study area (Figure 2.2), however, there are no
statibns within the eastern shores plain. Some recdrds,
notably those for Cape St Lucia (0339720), extend over at
least 60 years; and others (Fanies Island - 0339756 and
St Lucia Estuary - 0339856) have, in addition tb 37 years of
- recorded daté,'syﬁthetic, generated iecords for a further 29

~ years.
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‘Around {:he study area there are a number of additional
ﬁeteqroiogicél observation stations run by the Natal Parks
Board and. by other research bodies (Figure 2.2). Variables
5£ec6rded inélude rainféll, 'temperature, wind, evaporation,
humidity and barometric pressure. = Generally only spot
' readings have been take;l, b_ut on the western shores there is _

an‘an:omatic weather station in operation (Taylor, 1987).
2.2 TOPOGRAPHY

. The tdpography of the eastern shores is characterised by a
' _low ‘lying __uh&ulating plain bounded on the west by Lake St
'Lucié-_and on the .east by the high coastal dune belt (Figure
2.3).  This plain is dissected by the sﬁaﬁlpy Mfabeni
-dépressiori which .drains !_:o the south west. A central dune
' beit cdmposed' of red sands is situated in thé northern half
-of the study area to the west of the Mfabeni depre5510n. The
) descrlpt:l.ons of two transects that follows will clarify thls

- _topograph:.cal conflguratlon;

In}' Eransedt A, the northern sector of the research area
_-(Figure-.z..ll); thé fiat areas to the west of the central dune
.beit are about 1.5 km wide with a topographic elevation
| "of‘ up to 20 m above.'mean sea level (a.m.s.l.). The central
.duhé belt rises sf:eePlf to 70 m a.m.s.l then falls off
rap:.dly to the Mfabeni depression. This depre551on is a level
| swampy area up to 3 km wide and only 5 to 10m a.m.s.1. On the
: eastern side of the depreSS:Lon the land rises first gradually

and 't_hen.stéeply to over 100 m on the coastal dune belt.
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.Transect B;_ to the south of transect A (Figure 2.5),
traverses the widest point in the researcﬁ area. It consists
of a. much wider section (4 krh) of low lying undulating plain
v}ithbui_: a .ce_ntral dune zone. The pl_ain falls g:adually to the
Mfabeni depression, which is, at this point only 1 km wide
with an elevation of about 7 m. To the east of the
aepression is a shallow i‘iée to the base of the coastal dune
‘belt, whbse elevation rises steeply to over 100 m in this the
ﬁidest part of the coastal dunes.

' The Eastern shores plain can be compared to an island,
: 'surrounded on éll sides by low lying saturated regions. The
.-';lake, to the west and south, has a mean elevation of 0.40 m
a.m.s.l1, whiéh fluctﬁates both in response to tidal motion
'and_tb climatic variations within the lake caﬁchment area.
Thé Mfabehi-swamp, to the east of the plain, consists of-a
largé aiea of low-iying grasslands that are usually water-
~ logged. To the north-east, Lake Bhangazi forms a permanent
 open water body which drains to the south into the Mfabeni
swamb; To the north, low lying grasslands drop gradually.to
the 1éke shore over several kilometres. From orthophoto maps,
the swamp area can be seen to vary from 16.5 to 15.0 km®. Its
._perimeter rémains fairly constant at around 33 km. The swamp
attainé.'a maximum elevation of é m (a.m.s.l.) at Lake
I-Bhéngazi. Its level falls gradually (slope 0.05%) to the
level of Lake St'Lucia at 0.4 m. The catchment area draining
'tb. thé swamp.'is approximately 32 km®, 62% of which is

situated on its western side.
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' 2.3 VEGETATION AND LAND USE

_The ﬁégetationicoverihg ﬁhe study area can be divided into
 four _broad tjpes:'-'natural though managgd indigenous
_gréésléndé containing ‘scattered  shrubs  and trees;
: hygrophilous_rgrasslénd;; .éwamp forests; ahd ekotic timber

_plantatidns.-_The'distribution-of these vegetation types is

shown in Figure 2.6.
'2;3.1 Grasslands

Large ~areas in the south  and' east éf the study_érea are
covered by  indigenous grasslands. Although managed by
burning,"_thgse are 'assdmed to  represent 'the. briginal
'_AVegetation cover of all the non waterélpgged areas. The
#egeﬁaﬁibn ‘consists of grasses interspersed with isoléted
thiékets of émall #rees and bushes. Lubke et al (1989) have
-idenfified the'éqmmoﬁ or constant and dominant épecies found

;ﬁ théSe grasslands as including:

GRASSES SHRUBS

' Aristida junciformis Eugenia capensis
Themeda triandra = '~ Helichrysum kraussi .
Imperata cylindrica ' - Diospyros villosa
Cympobogan validus ' Anthospermum herbaceum

- Digitaria eriantha .~ Maytenus heterophylla
'HERBS =~ |  CREEPERS AND LIANES
Thesium sp. | : Smilax kraussiana
Cassytha filiformis Thunbergia atriplicifolia

. Acalypha petiolaris

Cyperus marginatus

-Cissampelos hirta

Gerbera piloselloides

... Vernonia oligocephala .
~ Senecio cf. erubescens
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"2.3.2'Hygrophilous Grasslands

Inﬁthe 1ower:ljing pans, marshes, and lakeside areas, the
_?egetation-consists of water plants such as reeds and sedges.
In the perennlally' wet areas these plants are w1despread
whereas 1n the ephemeral pans they are 1nterspersed ‘'with the
g:assgs:fOpnd on the higher regions. According to Lubke et al
(1989)  the characteristic species of these hygrophilous

grasslands are:

GRASSES -  _ ; | SEDGES (Cyperaceae)

Ischaemum fasciculatum Eleocharis limosa
‘Hermathria altissima Cyperus tenax
Andropogon hulllen51s - C. leptocladus
A, festiciformis ' C. obtusiflorus
Themedia Triandra C. sexangularis

. Panicum dregeanum . Pycreus sp.

. Acroceras macrum _ Fimbristylis complanata
- Sporobolus subtilis : Bullostylus contexta
Eragrostis capensis Rhynohospora brownii
Digitaria longiflora R. corymbosa
“Monocymbium ceresiiforme R. holoschoenoides

- Stenotaphrum secundatum R. madagascariensis

Kyllinga spp _
Restio spp (Restionaceae)
2.3.3 Swamp Forests
Along . the Nkazana stream channel, in parts of the Mfabeni
' ,swémb,'and'along_the_edges of Lake St Lucia, wooded areas
Kexist_composed of mangroves and other'trees. Species found in
the area include Bruguiera_gymnorrhiza, Rhizophora mucronata,

A?icénnia marina and Barringtonia racemosa (Hutchings, 1991).
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2.3:4 Commercial Piantation

'_The-commeréial Sibomveni plantation, covers anrarea of 1628
hectares. A species'_of pine (pinus elliottii) from the
coastal,plaihs of south-eastern U S A ﬁas beenrplanted. Also
found '-:_'_withinr ‘the ﬁl.antai:ion are Sapium integerrimwn,-
. Microsorium séolopendrjuﬁ and Smiiax kraussiana {(Lubke et al,
i989);;The-hér#ested wood is used primarily in the pulp and
éaper ihdusﬁriés. §1anting.occurred in ﬁwo separate stages.
.In\thé ndrthefﬁ éector devélopment began in the early 1960'5
.wﬁeﬁ—:somet 500_“hectarés wefe planted. These tree# are now
fully mature and felling is due to commence in 1992. In 1981
faﬁ additioha1 1i00 hectares were planted to the south aﬁd
east of thé 1961 plantation. These younger'treeé are now over

8 m high.
2.4 GEOLOGY AND SOILS

The.:ééology of this region has been jstudied - by various
_researchers_ovef the past thirty years. Due to the different
'pu;poées.éf these.studies, different emphasis has been placed
‘on ﬁartiéular geological features. The level of detail of the
: stﬁdiéS'and fhe comprehensiveness of the field work conducted
also varies;  During i989 and 1990,-extensive drilling was
¢onducted to the east of the study érea as part of an
Environmental Impact Assessment (Lynn; 1990).'The geological

information'thus gained has proved invaluable in clarifying

' the nature of the geology underlying the study area. The

~ stratigraphic seqﬁence:.present in the eastern shores is
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o@tlined-in table 2.1.

Table 2.1 Generalized stratigraphic succession (after Lynn,'

1989)
T+ ———— e ————— Fo—m e ——————— e — +
|FORMATION : | aGE I
e —————— o —————————————— +
. ‘Alluvium : Recent
. Grey and reddish brown aeolian 0 - 10 000 years BP
- sand
F e e e e e e e +
. Berea red type sand Pleistocene

. Light grey sandy limestone 10 600 - 2m years BP

. Port Durnford formation . '
light grey, yellowish orange
sands and clayey sands

e ——— et LB P +
. light grey weathered orange Pliocene-Miocene
sandy limestone with basal 2m - 20m years BP
conglomerate : ‘
T . — ————————————— ———————— e ———————— e — +
. Siltstone . Cretaceocus
R - _ 60m - 135m years BP -
Fmm e e e e +

7This_stfatigra§hic'sequence has been compiled with reference
'tq ﬁhét.éhoﬁld'be préseht in a complete sequence. In some
  afeas, sectlons of the stratigraphic column are absent or
;modifled. Flgure_ 2.7 is a representative cross-section
£hrough the study.larea: showing the configuration of the

geological formations.
© 2.4.1 Cretaceous Deposits

The"ﬁése. of the  stratigraphic sequence outlined is the
Cretacéousrllayer,-'This_ layer is wvery thick and lies
- unconformably on pre-cretaceous granites or 1lavas. This
-_1nterface is more than 1000 m below the present day sea level

' *'(Hobday,x'1979)j-and. consequently the pre-cretaceous strata
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will have no:inflﬁence on the shallow Qeohydrological regime
of__fthe_-.'eastern shores. In the study area, the layer which
underl_ies-_f the entire Zululand coastal plain, its' upper
Surfaée"at  or Jjust below mean sea level (Hobday, 1979).
Receni: d.rilling .(Lynn,'  1990) has confirmed its depth at about

~ 30 m below MSL.
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'Figure 2.7 Idealized geological cross section

' _chks 7. associated .wi.th } this layer 'are‘ mainly sandstones,
mudsi_:onés and shales which all dip gently in a seaward
.é_li.rectior__x (vanWyk, : 196_3 and Du Preez, 1975). As this layer
1ié_s-¢0mpletely belqw -Sea level, it is not iikeiy to play any

major role in the shallow subsurface hydrology.

L
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2.4.2 The Port Durnford Deposits

. These debdsits overlie the cretaceous layer and are composed
of sands fand clayey sands forming distinct layers of
”differiﬁg colours (Lynn, 1989). They appear to vary in
thickness between 10 and 30 m in this region with their top.
_laye:s béing at mean séa level. Recent drilling (Lynn,_1990)
has confirmed their ‘presence, their continuity and their
| thickness. Towards the lake the upper layers of the Port .
Durnfbfd_déposits have_been reworked to form a thick (30 m)

layer of ' alluvial clay.

 Labdrato£y;aﬁalyses of_sémp1e§ from this formation as well as
fiéld évaluation indicate that these deposits have porosities
of .é’pproximately. 42% and permeabilities ranging from 0.0001
_.cm/__s'eCZi:o_ 0.001 cm/sec. (0.09 to 0.9 m/day) (Lynn, 1990).
g The-se.values_ fall withi'r.L the. expected range for deposits of
' -~ this type (Todd, 1980). Specific yields (the percentage of
 wate£.capab1e of dréining_under the force of gravity) should
iié wifhin_the range of 10 to 23% (Todd; 1980) thus leaving

. 19% to 32% as specific retention.
2.4.3'quer Sands

 The cbver sands lie 6ve£ the Port Durnford deposits and form
'  the_$ﬁrféce topography. They consist of fine to medium, well
“.éounded-grains of Sand that display high permeabilities and
pﬁrositieskLathough.;these. decrease with depth due to

compaction. At the crest of the coastal dunes these sands
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:.hafe'éfha#imum’thickness of about 100 m; this decreases to
just ‘3 m on the plains. As the.present beach is too narrow to
supply'fhe large quantities of sand required to form such
"high dunes, it can be inferred that the sand was derived
during:_.a_ .pe'r'io_d of lower sea level (Hobday, 1979). The
:présehCé'bf dense natural Vegétation serves to confirm that

the dune formation process is now in a period of stasis.

Tﬁé'fcdjér"sénds ‘contain distinct layers of unconsolidated
-sands, silts,. ciays and organic material. These layers and
 lenses ha§é widely differing hydraulic properties and can be
.expecfed-'tO'_influence the _groundwater' flow rates and
&ifections'greatly.”' The high porosities and permeabilities
| Of”“£h¢'75and  léye:s,' allow unrestricted water movement,
: ﬁﬁéreas the'redu¢ed permeabilities of the silts and clays
‘will tend to restrict flow and thus give rise to shallow
éeréhed aquifers ébove the main water body. Representative
-- va1ue$=for-the geohydrological parameters of these sands have
 'been determined (Lynh; 1990). The porosity has been measured
ét'45%} the specific fiela at 35%, and the permeability at
2‘0;Q28 'éﬁ/s (24 m/da&). This indicates that the sands are
”3génefélly-more”porous and permeable than the Port Durnford

- deposits and consequently form the most hydrologically active

f"Strata.‘”"
' 2.4.4 Soils °

Due”td'theif'high sand content, the soils found in the area

aré_ not "pArticularly"'well developed, thus they are not
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#eadily:éiétinguishable from the cover sands. Humus content
iskgenerally.low,-except in the immediate surface layer in
areas of dense vegetation. In many piaces profiles obtained
uSihg._a- soil auger indicate that the surface layer is
composed almost totally- of sand with a very low organic
  con£ent;?. Elsewheie a layer up. to 0.5 m in depth exists
consisting of sahd and organic material. As a consequence of
" the sahdy nature of these surface layers, high infiltration

'-rates_and minimal surface runoff are characteristic.
2.5 SURFACE HYDROLOGY

The - presence of surface wéter in the study area is limited.
The  Mfabeni .depression and its outlet to the south, the
_ﬁNkaéana.stream, form the largest surface water unit, though
' _thefe are ih éddition numerous unconnected shallow pahs and
marshy. areas. - Lake St Lucia, which forms the western
'Boﬁndaryzof.the'Stﬁdy-area, is alsc of relevance however as
itsl‘flﬁctuations are likely to have some influence on

groundwater;flow-rates and quantities.
R 2;5;1'The.Mfabeni Depression

fhe Mfabéni depression, situated between thé'study area and_.
; thé éoastal.dunes; is.a;large shallow swampy area connecting
‘Lake Bhangééifwith LakejSt Lucia. Sources of water for this
.adépréssioh-inélude direct precipitation, groundwater seepage
'1:from-theisurfounding higher areas, and, for some of the time,

outflow from Lake Bhangazi. Groundwater inflow is dependent
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on the watei‘ table elevation Surrounding the plain and on the
- hydraulic 'characteristicé of the aquifer. The swamp, unaer
éxisting conditio'ns,re_xperiences considerable fluctuations in
_;‘i..ts- surfaée’_ area and water depth in response to seasonal and
a_m_mal- iariation_s in rainfall. Generally there is a higher
_'inflcv_:_ and conSeqt_xentlg} a larger surface area and greater
" water depth during the wet season when the water table is_
.hig.h. 'i_nflow _td ‘the swamp from Lake Bhangazi is variable and
mainly *.riégulated by the relative levels of the swamp and the

lake. -

-_The prlmary outflow to Lake St Lucia from thé Mfabeni
_depress.10n is through the Nkazana stream (Figure 2.9). On the
: . recommendat:.oh_ of Nanni (1977), a crude Parshall flume was
.--constructed on this stream in 1979 and _merasurements were
: take_xi periodically until 1984, when the flume became
-’inogéi:ative'.- ' Giveh the condition of the flume the re-
establlshment of monitoring at this site was not possible.
-' Consequently it was of high priority that a replacement be
rde31gned and constructed so _that this 1mportant parameter

‘could be: incofporated into the water balance calculations.
'2.5.2 Unconnected Pans and Wetlands

Many -unchnnec':ted pans and wétlands occur in depressions in
i:he 't;ndulating topography where the groundwater table makes
;::onfact 'with the surfaces. A series of wetlands occur where
the éoaétal dune cordon meets the low lying plain, increasing

" in ‘size and number towards the lake. Since they are fairly
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'ysmail,-_- these wetlands have not been individually monitored,
.however from _aerial_ _phdtegraphy, field evaluation . and
discuSsions - with local observers it seems that the pans
fluctuate in size and water ‘depth in direct response to
~natural _cl'imatic variation (Porter, 1987). Onlf the larger
andlor _verj.low lylng .w.étlands seem to be perennial features,

_-the.rem_ainde_r being generally ephemeral or intermittent.

| Afforestatlon has s:l.gnlf:.cantly reduced the number and size
'of wetlands orlglnally situated w1th1n plantatlons. From an
_._eval_uatlo_n of aerial photographs it is apparent that Iduring
| the-early years- ef plantation development the pans within the
plahtatiods ‘remained clear .of trees due to the water-logged
V_f:ohditieris .;-_(.Figure 2.8). However, with the h'igh evapo-
.tranebiration-_rates dassoc_iated with the ma_.turing forest_, the
o pax‘ls-_.dried sufficiently for trees to become established.
..The_ pahs' now form pockets of younger trees .within the
' ’.p'lantal':ion's- and the 'wetlands' are now only active for short

' '-:j'peri.ods".following heavy rain (Figure 2.8). Even after the

' rainfall associated with tropical cyclone Domoina in 1984

they - did not  remain under water for any extended period

- (Porter, 1987).
2.5.3 Lake St Lucia

 'The water levels of Lake St Lucia have, since 1958, been
xhonitored at several locations by the Department of Water
-Affairs,i These levels. chang'e continually in response to tidal

'. motion, . .prevailing_ winds and other hydrological and
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- geohydrologlcal fluctuat:.ons. The" 1ake surface area thus
varles con51derably and has been estlmated to vary between
| _230 and 410 kn? (Kriel, 1966). The total catchment area of
‘the lake originally covered 19 600 km®, though this was
r’edu'cedto'_B' _goo'mé'_ﬁhe_n. the new_' mouth was created for the
'Umfoloz_ii.._:ri.#er i.n =_1-95_'2. _This" '.red‘uction_ did not_ appear to
.___directlf .affect'the-wa.ter balance of the 1ake. to any great
| 'extent however there were indirect effects consequent: from
the alteratlon of estuarzne dynanucs | affect:.ng the free -
'_exchange of water to and from the ocean. The major inflow
j'components of the lake comprz.se surface flow from the Mkuze,
.Ms:-i.ndure, Hluhluwe and Nyalaz:n. r1vers and subsurface flow
'from"' the ..sand_ depos:.ts underlying the eastern (Kelbe and

Raﬁlin.s;'_199-0'h) and western shores.

" Mean ._annua:l"inflow” to. the 1a1te_ under unaltered conditions but
excludin§ fiow' from Ethe Umfolozi river has been estimated at
between 222 x 106 and 364"x 10 m* (Hutchison and Pitman,

| '1_9’7_3). Surface 1nflow to ‘the lake has been considerably
-reduced by human- 1nf1uences - such as afforestatlon,

_. agricuiture and dam _conStruction in the catchments of the

feeder rlvers.:_ Subsurface inflow has also been significantly

" 7: reduced by extens:we afforestat:.on both on the western and

.the eastern shores. According to Hutch:.son and Pz.tman (1973)
the total reduct:.on in 1nflow is expected to be between 19%
iand 36%. The consequences of the reduced inflow have been
discu‘s‘sed at length by XKriel, 1966, rinley, 1971; Nanni,
 1982; and Lindley and Scott, 1987 with the conclusion being

'that the saiim‘._ty balance of the lake is now less stable than
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in the past. Higher salinities now being experienced during

drier .-pefiods.' In 1971, Tinley ascertained that groundwater

~..-seepage to the lake was the only remaining fresh water source

:.'cap_able of malntaln:l.ng -the 1lake salinity at acceptable
 levels. fforestat:l.on since 1971 on both the eastern and

: _ western_ shores has undoubtedly reduced thlS inflow further.

In sp:n.te of a relatlvely small catchment area, the eastern
'shores of the lake -appear to play a significant role in the
water balance of the _ lake. At present the_ Eastern Shores
'State _Forest contains a forested area covering approximately

._5000 ha. "I‘he' con'sequences of an increased water loss from

o these plantatlons 1nclude the reduction of flow both to the

lake and to the sea, a reduct:.on in groundwater storage, and
a lowerlng of water tables.

i

. 2.6 SUBSURFACE HYDROLOGY

'Situat.ed.within the .'s'tudy area, and aligned in four east-west
.t::ansects , .'is. arnetwork-of nineteen shallow boreholes (Figure
29). Drilled' in 1973 by the Natal Provincial Administ-'
_ rat:.on, their locations were based to some ext:ent, on the
" recommendatlons of van . zijl (1971). Only two of these
' boreholes (A2 and D1} were constructed using 1arge diam'eter
..'.casings (150 mm) and thcs presumably fitted with well
scre:ens. 'I'he remalnlng seventeen boreholes were constructed
'nsingl.i 8 mm;galvanlzed piping and are unlikely to have had

"uwell-screens_installed.



34

(® Weather Station
X Rainfall

@ Boreholes

New Plantation
planted 1881

 Old Plantation
planted 18961

* .

G2
D4 *

D1

LAKE
BHANGAZI

MFABEN!
SWAMP

INDIAN
OCEAN

o Figure 2.9.Geohydr°logical monitoring network



35

Tne-four-lines'of boreholes A - D are situated mainly to the
'swest of the St Lucia - _Cape Vidal road on the Eastern Shores
plaln The most southerly line (A) consists of five boreholes
apprOX1mately 100 m apart. The boreholes comprising this line

" all are -within 800 m of the lake shore in the St Lucia Park.

-. Consequently, the vegetatlon along this llﬂ&'ls composed of

:fnatural grasslands with- scattered small trees and bushes

 ,:(F1gure;2.6}.

) Line B,.'aboﬁt 3 km to tne north of 1line A, consisted
'_orlglnally of six boreholes sited approximately 1 km apart.
Borehole B2 . ‘however, .appears to have been abandoned sSoon
after complet;on. The western end of this line is situated
ion the southern boundary of the young sector of the Sibomveni
- '.plantAtion';_ the central part of the line goes through natural
grassiandsi and.the eastern end is situated on the southern_

‘boundary of the KwaSheleni plantation of mature trees.

'_ The C llne, comprising 4 boreholes is situated aboot 2 km
north of the B llne and the holes are agaln about 1 km apart.
_The_western end of_the line (boreholes C4 and C5) is within
’:the'youngr(1§81}.sector of the Sibomveni plantation. To the
'1eest,'boreholes C2 and C3 are situated in natural grasslands
n.eitner_side_of_the7marshes and swamp forests of the Mfabeni
'depression._. Borehole C2 is within 2 m of the open swamp
water and conseqnently_water levels measured here serve to

- provide a record of swamp level fluctuations.

" The b 1ine;:6 km to the north of the C line, runs adjecent to
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- thé"'northern boundary of . the mature (1961) Sibomveni
_plaﬁtétioﬁ. Agéin; the six boreholes comprising this 1iné are
' apprOximatély 1 km abart. The:exceptions ére boreholes D4a
and'D4b which are within 50-m'of.each other. D4a being just
iﬁéide;;thé :méﬁure plantation and D4b being Just outside.
Boféhdierl isisituated'on'the shoreline of Bhangazi Lake and
ftsefvés.ag_an_indicafor'of the lake level fluctuations. North

- of the D line is an extensive region of natural grasslands.

 The  borehole lines 'E, F and G depicted on Figure 2.9
.répfesent new 1lines of boreholes created specifically for

:this'studyxéﬁd are discussed later.



CHAPTER 3
. METHODOLOGY OF THE STUDY

cIn  9rdér  to_;determihe the effect of modifications to the
'vegetétiOn;cover,dn the hydrological regime of fhe area a

 fepresenta£ivé and reliable data-base was essential. Although
.6ata._ﬁonitbringn'had been conducted in the area for many
u.fears;”;it _waS' aimed. at meeting different needs and
requi;emgnts_and.hencé varies considerably in format. It was
.fheiefo:e necessary to collate existing data with reference
-tq the_reqﬁiremenfs of this study. Inadequacies in the data-
"base_ﬁe:e identified and attempts were made to overcome them

by upgrading the data collection network.
3.1 METEOROLOGICAL NETWORK

-'Siﬁce £herékisting stations éither wefe too.far removed from
_ the;‘stﬁdY ;aréa. or did not cover a - complete range of
rlmetéoroldgical.}variables, _it was considered essential to
_éstablish é cdmprehensive meteorological station. After
exéminati§ﬁ of.possible sites for a fully automatic weather
'stétion;.the'eastern border of the Sibomvéni plantation was
:seiected:(Figure 2.9),-.This site was considéred ideal as it
is opé§  to _thé-'ﬁorth-easterly and the south-westerly
prefaiiing winds, and it is at ﬁhe same elevation as the top

- - of the adjacent tree canopy -

.. After the erection of a fenced 10 m square enclosure, a
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_ CémpbelliCR'1D data logger with extended memory (64 k bytes})
was . installed to ,monitor rainfall, temperature, solar
radiatibn, ‘relative humidity and wind speed ({(Kelbe and
Rawlins, 1990a) . ’ The data logger was interfaced to a
cassette tape recorder for external data storage. This
allowed data gbllection‘to continue even while the system was
‘left unattended in the field for long periods. The data
logger:was-installed in a fibre glass box under a radiation
shield to protect it from the harsh environment. The data
”logger enc1osure, together with all the sensors, was mounted
- on an aluminium tripod. The logger was powered by é 12V lead
acid-battery which was maintained by a 5W solar paﬁel.
Numeroﬁs_problems were encountered during the establishment
gf this meteorological sEatioﬁ. Several sensors appeared to
‘be faulty, and corrosion of the termination panel led to
| recorder failure. In addition, interference from wild animals
'. meént.that all the wiring had to be enclosed within conduit
fubing.'These preliminary problems delayed the collection of
meteorological data until 1éte 1988. Continuous and complete
records ”were - forthcoming during 1989 and these have been
coilated, processed and published (Kelbe and Rawiins, 1990a).
During 1990, further problems were experienced with the
récording:system; which have yet to be resolved. Valuable
méteorological interpretatiOns--aré possible, however from
data recorded during the one complete year {1989) of station

.operation.
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3.2 HYDROLOGICAL NETWORK .

Tﬁé_Nkazana stream ié:situated at the southern end of the
Mfébeni depression and links.it to Lake St Lucia. It forms
the‘ oln'ly éurface oﬁtflow component of the system. On the
'recomﬁepg’iation ‘of 'Nanni {1977), a crude Parshall flume was
¢§nstructed on this stream and measurements were taken
J:periodically_ from 1979 to 1984. In 1984 the flume became
.f-inoperatiVe as a result 0f. the high discharges caused by
- tfopiéal cyclones Domoina and Imboa. Since  this outflow
' éomp@nent_forms an integral part of the water balance of the
stﬁdyuarea, methods to re-establish flow monitoring had to be

-investigated.

_ Aftér examination of the existing inoperative flume, repair
'was.c0nsidered unfeasible aé the stream bed now by-passes the
J_flumé;-Ih Addition it was evident that the flume was under-
:desiéned; and even moderate flows would overtop the

‘structure.

Thé,-poésibility' of bonstructing a concrete weir on the
-upétreémrside.of the existing road crossing was investigated
.but-rejectea on the grounds'of cost, interference from and to
| traffic, and detrimental environmental effects resulting from

" the creation of an upstream pool.

.The-solutiOn.was thus to build a completely new flume and to
instail_it“at a point close to the existing flume. After a

full'evaiuation-of various types of flumes with regard to
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measurement accurécy, ease of construction, ease of
1nstallat10n and cost, the flume selected was a short
~throated Parshall flume made of flbre glass resin (Ackers et

al, 1978).

The Parshall flume, developed in the 1920's in the United
States has been used extensively at water treatment plants

: and on 1rrlgat10n schemes (Ackers et al, 1978). It consists

- of a short parallel throat preceded by a unlformly expandlng

secthn_ (Figure 3.1). The £flocor is horizontal in the
.eonverging_section, slopes downwards in the throat, and is
inclined upwarde in the expansion. The control section, at
which the depth is criticel, occurs near to the dovnstream

- end 'of the convergence, upstream from the throat.

Under high flow conditions, flow through flumes of this type
e is likely to become drowned and ceases to confofm to the
desigh iaﬁing-eurve. Consequently, two head measurements have
“to fe ﬁhde: the'upetream_gauging point, in the converging
-approach . section, is _use& for low flow conditions. The
downstream gaeging point, at the downsfream end of the
”paiallel throat seetion, serves to record whether flow
:conditioné are drowned; and is used in the rating formula for

these conditions.

Tweﬁty-two sfandard designs of the flume exist {Ackers et al,
1978) covering discharges from 10 to 93 000 1/s. ‘The throat
'wldths for these designs range from 25 mm to 15 m. For this

partlcular stream size and dlscharge a throat width of 610 mm



41

e . 1495 vt 610 i =~ 914- -
| - 1 t l
.if THROAT
L I SECTION .
- ! - upstrégm : ; - e i ‘r.
|, o measuring point T 9 downstream
] ' _ ’ measuring -
L _ _ point -
I oaole ey . b b A
sl g exss —] |8 =]
I A b [=;] |
| j| | \
L] 1524 '
t . . 1 ) k 4
P I o i T -
[ CONVERGING |45
l N SECTION DIVERGING
L - SECTION
. .. .'7.
b) .
o 1495 1 610 1. 914 1 -
i T T i i
L EE . . o , Water Surface = . -
o - i {submerged condition)
o T T Water Surface
: : 7 o N : ' ‘(modular flow)
= | FLOW h o
S - R CREST
. Leve1+ floor )
R . \'.q’ .Ofw_u— D r-..al i AJ f&,ﬁ.{i,-},‘
AL 20 p::i FIBREGLASS FLOOR

Flgure 3 1. Geometry of the Parshall Flume a) Plan view and

b) side view (All dimensions in mm}



42

"'wag.gei.e'cted, with a di‘sch.arge range from 12.1 to 937 1/s.
Ait_hough not sufficient to neasure extreme flood conditions
..'e;{nelri_eneed_ _o_cc_z_xsionall..y.,_ it was cons_i_dered edequate ~to
) xnee.sute..'.ﬁlost_'events. E:I_t was impractical to make a larger
flumes:.nce itf.was._ constructed off site using fibre-glass
panelsAlsotransport and installation of a larger flume
.'w_ould'-_l.;e_ve' _}:be’en' too problematio. _'i'he ma.xia;num. dimensions of
the constructed flume (made of fibre-glass 5 mm thick) are 4

L m long, __'im_::-_m_r_ide '_and-1 m deep.

-The . standard stage-—dlscharge relatlonshlp of this type of
flume is dependent on the dlmensz.ons of the flume and for

thls_ throat__ width, the rating - equation used is:

Q= 1.428 h7-552 L. iiiiieiiieiiieieeeeeeeeeaae (301)

' where h = the - water stage at the upstream end of the con-
.o verging section. .

"_It was _not fea51ble to'conflm the appllcablllty of this
"_'ratlng equatlon to the constructed flume throughout the range
:_"'rof dlscharges because the flume was inaccessible dur:.ng the
-' 'J'_Ihlgh flow 'events. - However, several current meter flow
gauglngs were conducted under low flow conditions and the

f_lume_-dlmen51ons and 1nstallat10n conformed to the design.

:A sultable 51te on: the Nkazana stream was selected and the
-flume was -1nsta11ed in- May 1989. The flume was: bedded into
'_the st:ream and the side walls strengthened and sealed with

" concrete -blocks_..-and sand (Flgure 3.2). The flow through the'
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a)

- Figure 3.2 Phdtographs'of a} the old and b} the new flumes on

the Nkazana stream
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flﬁme wéé'méasured and compared to the flow upstream of the
£lume 'toﬂ'confifﬁ. that minimum leakage occurred under and
aroﬁnd:the structuré. _To measure the water stage, 25 mm
firrigation pipes ﬁere attached to the'sides of the flume to
..cqntain:piézomeﬁeré located flush with holes agilled through
'fthe_sidewall.- The pipeés led to a junction box situated well
;fabdve'thé maximum e#pécfed flood Ilevel. Tﬁis contained a CR
"'10 data logger. From this_junction_box a cable housed in 25
mﬁ pipihg was_laia underground to a metebrological site 50 m
~to the west of the flume in a grassland area. Two GECKON
piezometefs were.interfaced to the data logger to measure the
water stage at two locations in the flume. The data logger.
éés_powered_bf a 12V lead acid battery maintained by a 5W
lsolaf- panel; ‘The data logger was programmed to provide

recbrds.of hourly and daily meén values of water stage and

temperature.

'Bdtil krthe' If._}.ume_ and its instrumentation gave problems. Due to
heavy_rains_and consequent high discharges in_November 1989;
fhé_flume foﬁndations were_sériouély undermined and a portion
*i o§ the fléw.b}passed the flumé on its eastern bank. it was

thereforé ﬁeéeésary'to modify the flume by raising it by 30cm
':and substantially reinforcing the foundations and side walls.

In addiﬁion fhe side channel was closed by means of sand
ibggs.' These ﬁodifidations prevented much of the leakage,
:ithbggh aue to the spongy nature of the stream bed.if was
':impossibie_to seéi the flume completely.

4

. An additional problem experienced at the flume was the
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:=failure'of'the ‘piezometers to gi&e prolongéd and accurate
éérvide. Data collection has, as a result, been intermittent.
| Although"theSe instruments proved successful in recording
 ﬁétér'léve1s at3béfehole E1, they appear'to be unreliable
here. Thls may be due to the high levels of humidity found
- hnde;' the ‘sSwamp forest canopy. Some useful ~data, has
"neQertheless been forthcoming. This has proved useful for thé
dgtermination. of the hydrological characteristics of the

Nkazana stréam-(chapter 5);
'3;3 GEOHYDROLOGICAL'NETWORK

-:_The borehoié network.established in 1973 consists of nineteen
.shallow smail -diameter' boreholes (Figure 2.9). Little was
.knOWh about how these boreholes were drilled, developed and
cbﬁpletéd. In addition it was likely that fine sediments had
_'prOgréssiQély' accumulated around the casings over their
pefiod"of bperation; Thus the ability the network to
';refléét grouﬁdwater fluctuations_accurately was questionable.
'Foftunately,_slug'tests'were_conducted on all the boreholes

in 1974 and again in 1985.

:These.slug tests involve injecting water into the boreholes,
and then recordlng the rate of water level fall. The rate of
 fal1"is -dependant on both the aquifer characteristics

(hYdraulié: conductivity, transmissivity porosity and
.bermeability)-ahd the condition of the borehole (a cloggéd
_borehole w1ll retard the free movement of the water, and thus

1-the razsed water level takes a con51derable time to attain
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- prior iévels).

Noﬂ;egordé.exist'of the slug fests conducted in 1974, howevef
ihey:wefe-détectéd'in the data set as a fapid rise in water
ie§e1 on Q]Januarf 1974 (Appenaix B). Ali of the boreholes
 ﬁith--the exception of" boreholes A5 and- A6 regained their
'ﬁfevious lefeis by the following reading (11 January 1974).
Thus..i? :bf Ehe boreholes were confifmea as functioning
.a'dequateiy.'S.months after their installation.
Slug..tests'rwefe repeated 1in 1985 by the South African
| Forestry _Réseaﬁch -Institufe (Lindley and  Scott, 1987).
.._Resulﬁé from these tests (Table .3.1) indicate that five
.bo;ehoies_ ﬁere completely isolated' from the aquifer and
provide completely spurious data. A further four-boreholes
showea‘ iﬁadequate hydraulic contact with the aquifer. The
:emaihing eight small diameter boreholes and the two larger
'diameter boreholes appeared_to.be prdviding reliable data.
 Assessment'of'the complete borehole hydrographs (appendix C)
paftiélly. confirms these fihdihgs with the exception of
borehole' A5 and also indicates when the bdreholes became
Zinépérativé,(Table_3.1). Apart from boreholes A5 and A6, it
appeafs.;that the_'records ‘at all the boreholes are
:epresentafive until- the 1983/84 rainfall season. It is
 likeiy_that.the extreme rainfall events océurring during that

-season'(CycloneS'Domoiha and Imboa) were responsible for the

" ‘deteriocration of fiﬁe boreholes.
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'“Table_3.1_1985 Slug test results (After: Lindley and Scott,
1987) and assessment of dates records are valid

- until
e O o O S +
- BOREHOLE % RECOVERY % RECOVERY CONDITION| VALID
: o "AFTER 4.5 HRS AFTER 24 HRS _ UNTIL
o ——— Fom— Fo—————— ——————— tm—— fommm +
a2 - . 14 ' _ 70 .GOOD
A3 30 63 - GOOD
oA4 T 100 GOQD :
AL 73 . 100 POOR 19747
A6 : . 8 : 30 FAIR 1973
BT 10 36 FAIR
. B3 0 0 POQR 1984
. B4 _ .76 100 GOOD
B5 ' 0 ' 0 POOR 1983
o C2 100 . : 100 GO0OD
- C3 : Lo 93 _ 100 GOOD
c4 - 4 158 FAIR
CcC5 .. . 100 100 GOOD
D1 - - 100 100 GOOD
D2 R 0 0 POOR 1984
D3 0 0 POOR 1984
D4a 11 46 FAIR
D4b 92 100 GOOD
D5 0 0 POOR 1984
e e T F— - Fom——————— tm—— e ——— +

fIt’was_obfious_from'this assessment that the borehole network
_had to ibe'.substantially iemedia_ted, or that a parallel
r_netwbrk_ had'.to' be created. Hand augering at locations
‘adjacent to the existing boreholes was achieved with little
difficulty,'. .-;na the water table attained quickly. However,
due to rapid collapse of the saturated sands into the holes,
aﬁgerin97 ﬁn—¢ésed -holes below the water table proved

|  prob1ematic," It was decided ‘therefore that a network of

' '¢ased'largé:diameter boreholes fitted with screens should be

| installed to duplicate and expand upon the existing‘network.
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.-Bécausc\a .the -new boreholes had to be effective for the
-duraf:ion'of the study, iand becausé they had to be capable of
:monitoring_water ‘levels éven during drier periods, it was
-necésléary k'for_ them to extend at least 2 metres below- the
water ':table.r To achieve this permanent holes wider in
diaméter than 'the_ .exist'ing boreholes were drilled and fitted
with :'.7_<':asings and  screens. The casings selected were.
6 m lenéi:hs 'of. ?VC pipe, 160 mm in diameter_. One metre long
. screens were cfeated at the base of the pipes by sawing 30 mm

long cuts, spaced 20 mm apart, around them.

- Mei_:hods.:suitable for sinking boreholes in sandy areas with
high water tables were investigated, and two of these tested.
The first_. utilised a system of jetting and suction to allow
_’-thé boreholes to be sunk Iquickly and easily below the shallow
“ wa.\‘;e:r: -.-tabie..' The second, & manual method, invelved hand
-aﬁgering'to'the waﬁef table, then manually forcing the casing
into .tﬁe 'gréund whilsf. augefing. the sandy slurry from within
the césing. Unfortunately, operational problems were
-.experie'nced w1th the former method. ‘I’he‘high rate of water
extraction from the borehole needed to produce a jet of
su.fficient forcé caused pump priming problems which rendered
the méthoé unusable. The second method was a qualified
succéé..s.. Althdugh augering was rapid ‘in the unsaturated zone,
.it proved to be slow and difficult below the water table.
Also, sticky clay horizons were encounfered in several holes
_ ﬁhich-_ prevenfed fﬁrther augering. The fnaximum depth attained
below the water table was approximately 2 m, with the maximum

 ‘total borehole depth below the surface was 8 m: in a region
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" where the water table was 7 m below the ground surface.

' fI‘he_'suit'ability of the existing borehole network was assessed
in  terms ‘of the study objectives. Many of the existing
. locations were deemed suitable for monitoring the regions'

groundwater fluctuations but- it was rfelt that further

.j'-locatn_'.ons: should be investigated, especially within the

- mature section of the Sibomveni plantation.

" .In total 28 'neﬁ'_'bore_:holes were sunk to form a new, expanded,
network #r_liich duplicatéd all the existing boreholes and
ihcluded in..'_ad_dition the E, F and G lines and borehole B6
:_défgicted on Figure 2.9. These served to fill in gaps
.pérceived'i. in .the -' network and so monitor more fullylr the
"groundwate-r. fluctuations of the region. The boreholes were
all ".cieaned, - f.l.ushe_d' and  developed by augering out
' _éécurﬁu:la-zted' sediment: from the bottom of the casings and then
rémb?ing the fine silt from around the screen inlets by means
' c'>f"': sufgi_ng.' After a two week pei:iod, the boreholes were
'_-iﬁtéfnally r_e;—augere'd to remove any-' further \sediment
7\ ac_tjum{:Iation; Folklo.wing this process, periodic checks of the
'._blc_>_réh(.)1¢' depths, indicated that no significant sediment

~accumulation had occurred.

'_;I"o' .obtai_n'_a .c_ontinuous water level hydrograph, a borehole
(E1) '.w-a's"inst_a'lled at the meteorological station to the east
of the plantation. This borehole was sited some 500 metres
to i:he south of the weather station and at the same distance

‘east (20 metres) from the plantation. Since the site for this
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.'_bo:r:'-ehqle‘ was selected on the plain surrounding the
meteorol.ogical station, the same hand éuge‘ring method could
be empioyed .at low cost. Sinking the hole immediately
adjacent - to  the meteorological station would have
necessitated the use of a mechanical drilling rig. This
boi:ehole -was fit:té.d with a GEOKON vibrating wire piezometer'
connected to the datalogger at the meteorologlcal station by
' means of as core cable inserted in 25 mm PVC irrigation plpe
and buried 0.5 metres underground. This last measure was
considered _ne_cerssary' as cables connected to the weather
station .had previously been destroyed wild animals. The
datalogger was programmed to provide a continuous measure of
__thé .wat;.er_ depth and the water temperature in the borehole

(Kelbe and Rawlins', 1990a).

" The efficiency of the new boreholes was.assessed to e.nsm.:e

that- they. ﬁc_)uld reflect groundwater variations accurately.
..'Sl'ug .tests' were coﬁducted at each of the new boreholes and
f:.'r'ecovéry rétes Vmeasured. Figure 3.3 shows the recovery rates
at four. tyipical Eoreholes and confirm that, despite
lo.calised differénces. between the _boreholes,_ all showed good
hf;iradlic contact with the aquifer attaining at least a 95%

.recovery within one hour.

Th;a borehole nétwdrk wé.s .monitored on a fortnightly basis,
initially by the Natal Provincial Administration and since
1988 by- the Natal Parks Board. With the exception of periods
when. aCCESSlbllltY was difficult or when transport was

- unobtaz.nable,._ the data has been collected consistently.
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‘Measurements were obtained by lowering a gauge from the
boreh_ole' top which. emits a signal when contact is made with
thé water. The depth to water measured from the top of the
‘casing was recorded and subsequently adjusted to indicate the
water 1,3"31 a.bove meén. sea level, 'I‘he. newly drilled boreholes
| :were ) added ‘to the. measurement routine which continued to

monitor all of the old boreholes.
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CHAPTER 4
METEOROLOGICAL ANALYSIS

:As;outlinea-in.chapter 2;2, meteorological observations have
" been ta.lk-en'”at sé\ferai locations around the study area. The
length of meteorological records at these locatioAé varies up
to a.maximum of 67 yearér(Cape St Lucia - 0339720}, Since all
of:lt'he e's.tablished stations are located outside the study '
: area a full weather station had to be e.stablished within it
1t0 ;allqw _a: more locally specific wunderstanding of its
'ciimétié iegime..Although the station in the study area has
._oinl} beéﬁ. operative for one complete year, the recordings
dbtéinea (Kelbe.énd Réwlins, 19%0a) have proved invaluable

for, substantiaf:ing interpolations from around the study area.
4.1 RAINFALL

‘T-h_e _'_ful_l_y_ du.tor.natinc weather station (the UZ station) was
established in 1988 (Figure 2.2). As the length of record
-thus" '-faz_‘ obfained is too short for temporal analysis,
7rec.:..oursé .ha's had to be made to data from established rainfall
| sﬁations éituated close to the study area. Rainfall records
o for nine nieasuring stations located around Lake. St Lucia
3 (Fighre- 2=.2) have been collated and assesséd. Their mean

xﬁonthlﬁr and annual data are tabu_lated in Table 4.1.

The mean. values calculated have been from various record

. l_engths-bf not less than 12 years. Of significance is that
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:_neah_-annual .t.otals'.fr_om statidns to the west of the lake are
.:. uniformly - less than 1200 mm whereas those from stations to
- the_ '-eést Vdf the lake are on average greater than 1200 mm.
Ffé;nf- these | figure_s it may be inferred that rainfall
.d.ec':reases prggfessively with distance ffom the sea.

i, Tab'!e- 4.1 Mean monthly rainfall at salected recording stations

3 "
3 +

|STATION FEB MAR APR MAY JUN QUL AU SEP OCT NOV  DEC |TOTAL |YEARS

o
|caPe viDaL - [190.6 176.0 133.0 94.7 161.2 66.0 63.2 71.7 84.4 95.3124.0 125.0{1385.0[ 17
Joanoio ) = ' ] |

|MOUNT TABOR ~ |160.6 165.5 157.1 95.6 122.4 67.8 71.6 77.6 100.7 99.5126.6 118.0[1363.0| 19

L ! ' | | -
©. |ST LUCIA EST.  }157.1 151.0 165.9 121.8 92.9 69.0 64.1 66.3 78.1 104.7 115.7 123.5[1310.5] 38
Joasssse | ' - : | 1
|[ESTUARY MOUTH [184.5 151.2 115.1 100.3 90.3 73.3 83.3 68.2 86.2 109.9 127.4 104.4{1294.3] 15
I - | I
[CAPE ST LUCIA |193.0 127.7 148.4 135.6 106.7 84.1 98.7 -80.3 121.7 95.4 114.5 101.5[1405.5| 65
lossgrze - | _ | }
|FANIES ISLAND [124.0 116.8 122.6 79.1 47.5 38.2 35.3 36.1 59.7 71.0 91.3 9.6| 915.0| 38
- j0339756 | ] ]
JCHARTERS CREEK [148 9 182.7 118.4 80.1 61.3 48.6 45.6 54.0 93.2 81.2103.8 98.2|1116.0] 17
- |nP8 | | |
_ [NvALAZT . |146.5 161.8 108.4 70.2 91.6 29.1 51.8 48.3 71.4 72.6 102.4 121.2]1075.4] 12
foazes2a” o : l |
[MAKAKATANA  |170.7 154.2 119.3 .76.4° 78.5 48.8 63.5 49.7 77.6 109.4 116.5 103.5{1167.9| 18
fossorss . - [ | | P

+ b
* t

e e e L

I N
. —t

- The study area ‘does not contain a rainfall mon:.torlng stat:.on_

w1th a sufflcz.ent length of record to allow an accurate

:aei:ermlnatlon of its rainfall characteristics. Given its -

ioéation' 'with respect to the_existing stations, however, an

festlmate of its rainfall can be made. Although situated on
.the eastern shores of the lake, the study area is further

from the sea than any of the coastal stations, which are all

lOCated Wlthln the .coastal dune cordon. Consequently its

ra:mfall ‘is " likely to be less than 1200 mm. And being
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approximately the same distance from the Indian Ocean as the
"_Hakakatan_a station (Figure 2.2), can be expected to receive a
J.fain_fall_rsir'nilar to or slightly greater than Makakatana

(1168 mm).

L_ontj _térm-_ I_'a_in_fall : _'dharac{:erisi:ics cannot, however,. be
'i_n'fer'red ‘-.from' Makakatana station recoras since these are
avallable 'only_ for _18 yeai.‘s. Two stations, at Fanies Island
_ (0339757.6_) ' and _ St Lucia Estuary (0339856) have been selected.
' as a basi_'s fér _an_alysis because they have 38 years ‘of actual
‘data .anc.i a 'further 2‘7. years of generated data (Appendix A),
a;id since '_.tha .clirﬁatological characteristics of the study
' _aré_a are likely_. to be somewhere between these two extremes.

Rainfall statistics for these two stations are displayed in

Table 4.2.

é . T T
i Table 4.2 Rainfall Statistics for the St lLucia Region

34— M
+

¥

915.0 B91.3 252.8 28.0 . 0.3 l 1310.5 1258.8 361.5 27.7 0.7

|Station | Fanies Island (WB0339756) .| St Lucia Estuary (WB0339856) |
[Period | Mean Median St Dev = V  Skew |  Mean Median St Dev v Skew |
|Jawary | 124.0 ¢ 92.3 110.2 876 L& | 1571 1255 159.3 %6.1 2.8 |
|February- | 116.8 94.3 851 766 1.8 | 151.0 1 126.6 946 62.2 1.1 |
[Mareh ] 1226 9%.8  95.1 77.4 1.8 | 1659 116.7 127.6  76.1 1.4 |
Plaeeit ] 791 626 577 7.7 L7 | 1218 948 1027 . 876 2.5 |
i |May | 47.5 37.9 40.4  83.1 1.4 | 92.9 69.8 . 63.6 66.8 1.8 |

- |June | 382 300 351 9.0 17 | 6.0 623 5L4 769 L2 |
1 juty | 35.3° 14.8 53.3° 148.1 2.8 | 64.1 51.4 49.0  75.1 1.9 |
1 jAugust ] 3.1 2.6 382 108 23 | 663 482 646 971 2.2 |
1 |September | 59.7 © 41.8 54.5 95.8 1.4 | 78.1 6.8 46,8 63.2 0.7 |}
' |October | 71.0  55.5 41.7 - 60.2 1.0 | 1087 747 624 60.9 L2 |
& |November | 91.3  74.1 60.0 67.0 1.2 | W57 986 T.0  66.7 1.1 |
i [pecember | 9.6 8.1 671 70.3 1.6 | 1238 953 9.2 748 1.0 |
l J

o JAnnual

.
¥
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.4.1;1'Anhual Rainfall

'Annual ralnfall totals for the two stations range between
"450 and 1500 mm at Fanies Island (0339756), and between 750
and 2150 mm at St Lucia Estuary (0339856). ‘The mean annual
.ralnfall values give a good 1nd1cat10n_'of the areal
variability:w1th rainfall decreasing with distance from- the

sea..It is further evident from the annual values for median,

B standard dev1at10n fand skew given 1in Table 4.2 that

variations between yvears are also considerable.

Annual .ieinfall series for both stations are .given in
'Figure'4;1..Annual rainfall totals are consistently higher at
St Lueia Estuarj than at Fahies Island. Linear regression
’ana1y51s performed between these two rainfall series (Figure
4.2) showed a reasonably good relationship between annual
._recorded ralnfall at each station (r®=0.72). A synthetic
i:record_ appllcable to the Uz station was then created
.(Appendik A) u51ng equatlon 4.1, which assumes a linear
 decrease "in rainfall -with dlstance from the ocean.
-Approxlmate distances from the coastline are respectively: St
Luc1a Estuary (0339856) 2 km; Fanies Island (0339756) 13 km;.
‘and th’é-_UZ'station 5 km. This synthetic rainfall series
:oﬁvieuel§-diepiays similar statistical parameters to the two
Souxce.rainfall eeries; The generated long term mean annual

.'and median annual rainfall totals beingl1199 mm and 1170 mm

'respectiﬁely.
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2. Cérfelétion "between annual rainfall at Fanies
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Pr__r# = Psse — (Passe — ?755)/3.6 e et s ereeres st ererrtasens (4.1)

"Where:
Puz'!répresents the annual rainfall at the U2z station,
:-_ 9556_represents the annual rainfall at st Lucia Estuary

" and Pose repfesents the annual rainfall at Fanies Island.

.:Median_ annual rainfall is, at both St Lucia and Fanies Island
étafiéns,jsbmewhat lower than mean rainfall. Both this and

" the rather high standard deviations reflect the occurrence of
‘ext:emé ‘rainfall events in the area. Tropical cyclones
éausihg extremely heavy rainfall influence the Zululand coast
 '390£Adicél1y; Eight of the 40 years since 1950 have begp thus
Vj'affected”.(Kovacs et al, 1985). In addition, the region
'océasionally réceives extreme rainfall from cut-off low

pressure conditions (Van Bladeren and Burger, 1989).

frequéﬁcy anélyées ﬁere conducted on the annual rainfall
seriés of_the two statibns:fKelbe and Rawlins, 1990b) and on
the synthesised record of the UZ station. These rainfall
sé;ies.were.fittéd.to the Log Pearéon Type 3 distributién
(Figure 4.3). From this analysis, rainfall depths associated
ﬁithISelécted feéurrénce intervéls for each of these series

' were derived and are presented in Table 4.3.
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" Flgure 4.3 Probability analysis of annual rainfall totals at
 Fanies. Island  (0339756), St Lucia Estuary
(0339856) and UZ (synthetic record)

Table 4.3 - Annual rainfall depths associated with various
' recurrence intervals at Fanies Island (0339756),
St Lucia Estuary (0339856) and the UZ station

e —————————— o R e —— +
RECURRENCE 756 _ 856 uz
INTERVAYL (YRS) (mm) {mm) (mm)
e e e e i e B e D e e et e +
2 840 1240 1150
10 1230 1790 1620
20 1380 1990 1800
50 1540 2200 2030
100 1680 2380 2200
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~4.1.2 Monthly Rainfall

ﬁonfhlii rainfall iaries throughout the season in a well
defined.énnual cycle..The wettest months arerusually January
or March,: ﬁith slightly Jlower rainfall .in February. The
':driést nmnths a£e June, July and August. The 'wet' season
"geﬁeréliy bgging'in October and lasts until April or May and
”_the:d§minantrrdinfall prodﬁcing mechanisms are tropical and
: subtrqpical. -Unlike much of ;South. Africa, significant
raipfalis dd'occur Auring the dry season, usually associated

ﬁith_frontaljmovement;

_ihé:mean monthly ;ainfall ﬁélués for the two stations (Table
 4.§)"indicate thét consistently more rainfall is received by
,St Lucia_Estuéry'than by Fanies Island. A synthetic monthly
_ réinfall_series for the UZ station was created, again on the

'_-basisqu_relative distances from the sea (equation 4.2).
Puz ='P356 ." (PBSG - P756)/3.6 ........ .---.o-o-....'....(.4.2.)

Where:
_ -?uz fepresents the monthly rainfall at the UZ station,
Pese represénts the monthly rainfall at St Lucia Estuary

'_and §7ss represents the monthly rainfall at Fanies Island.

" The mean monthly rainfall distributions for. the Fanies
'sléland, St Lucia Estuary and the UZ meteorological station
‘are given in Table 4.4. This shows that the generated mean

" monthly rainfall totals at the UZ station lie within the
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._bounds“of rainfall at the two source stations} and that the
 seasonal :distribution rainfall is similar at all three

- stations.

 TabIe-4.4 MOnthly-distribﬁtion of rainfall at Fanies Island
(0339756),_St Lucia Estuary (0339856} and the UZ

station
Frm Fm e Fm Fo e +
MONTH 756 : 856 Uz
mm % mm % mm %

B e mmat St e i ST +
[|January 124.0 13.5 157.17 12.0 148.1 12.2
February - | . 116.8 - 12.7 151.0 11.5 141.7 11.7
March 122.6 13.4 165.9 12.6 154.1 12.7
April . C.79.1 8.6 121.8 9.3 109.9 9.1
May © 47.5 5.2 92.9 7.1 80.5 6.6
June . 38.2 4.2 69.0 5.3 60.6 5.0
| July 35.3 3.8 64.1 4.9 55.7 4.6
|August - 36.1 3.9 66.3 5.1 58.5 4.8
September 59.7 6.5 78.1 6.0 72.2 6.0
October 71.0 7.7 104.7 8.0 93.6 7.7
~ [November 91.3 10.0 115.7 8.8 119.8 9.9
December. . 96.6 10.5 123.5 9.4 117.2 ° 9.7

+
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Probability.énalysiSVWas performed on the annual series of
.maximum”monthly'rainfall for the two source stations (Kelbe
and Rawlins, 1999b), as well as for the synthetic series at

the :UZ'.station (Figure 4.4}. "From this analysis were

"_derivéd, rainfall depths associated with selected recurrence

intervals for each of these series (Table 4.5).
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Probability analysis of MAXIMUM monthiy rainfail
at Fanies Island (0339756) and St Lucia Estuary

- '(0339856) and UZ (synthetic record)

Table 4.5

annual monthly maximum rainfall depths associated

with various recurrence intervals at Fanies Island
(0339756), St Lucia Estuary {0339856) and the UZ
station _

F———————— F————————= Fomrm e ————— e ——— +
RECURRENCE 156 - 856 Uz
INTERVAL (YRS) {mm) (mm) (mm}

fo o ————— e —— fm— fom e —————— o ——————— +

2 200 270 2590
10 360 470 440
20 430 550 510
50 520 670 610

100 600 770 650
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' 4.1.3 Daily Rainfall

Da_il"y .:.r:ainfali totals occurring over the Study area range.
fiom .infrequent éxtremely high events associated with
tro:.)ica'lr‘-cyclones to more moderate events associated with
convective and frontai ~activity. Analysis of the daily
‘records at both stations (Kelbe and Rawlins, 1990b), (Figure
4.5) indicates that fewer than 2% of the days when rain
_bccurred produced rainfall in excess ©of 100 mm. Conversely
over 50% (Sf fain-days produced rainfall depths of less than
C 10 mm: éontri.buting some 24% of the total rainfall. For the
| purposes of this sfudy the definition of groundwater recharge
'rresulting frdm rainfall is important because, as shown in
section 6_.2,' recharge from any rain-day producing less than
10 mm of rainfall does not significantly affect the
- groundwater body. Consequently about 24% of total annual
rainfall - does not contribute to groundwater recharge. It is
'surlﬁised_ to be absorbed by interception Jloss and soil
moiéture. recharge, or is re-evaporated soon after the

rainfall event.
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4;1;4 Recorded Rainfall at the UZ Station.

- Rainfall has been measured at the Eastern Shores (U32)
meteorolegical station since October 1988. A synopsis of the
record of hourly data for 1989 (Kelbe and Rawlins, 1990a)

follows.

" Monthly rainfall during 1989 at the Uz station is outlined in
Table 4.6 and compared with the recorded values for 1989 at
Fanies Island and St Lucia Estuary, as well as with the

i Synthesiéed record for the UZ station derived from these

values.

Table 4.6 Monthly Rainfall for 1989

R 5 PO OB pom e ——————— Fm—————— ———— = +
MONTH | UZ {meas)|UZ (syn) |DIFFERENCE|0339756}{0339856
' : ' (mm) - (mm) ! {mm) {mm} (mm)
e s tama e e e — Fiom e Fo—————— Fmmm——— +
January | 41.4 59.5 |+ 18.1 34.5 62.0
February | 434.8 308.7 | -126.1 316.5 307.9
{March - 62.6 28.8 }n 8.6 52.5 26.5
April 49.0 49 .4 '+ 0.4 36.5 54.3
IMay 82.2 80.4 |l - 1.8 40.5 84.4
June 102.2 87.8 - 14.4 41.4 - 92.4
July’ L © 56.8 - 60.0 P+ 3.2 10.0 65.0
August 20.8 - 10.3 : = 10.5 4.0 10.9
September| - 92.2 96.3 | + 4.1 54.3 | 100.5
Cctober - 123.4 94.9 . = 28.5 69.4 97.5
‘|November 299.6 241.9 o= 57.7 312.0 234.9
December '86.0 110.0 ‘4 24.0 70.0 115.1
e ————— o e fm———————— e — o Frr————— +
|Annual - | 1451.0 | 1229.0 | -222.0 |1041.6 |1251.4 |
Fom e e t—————————— o e ——— +

._It appears, from Table 4.6, that the synthetic record under-
"estimates annual rainfall. Although in several months there
is an over-estimation of monthly rainfall, the under-

estimation of rainfall for months receiving rainfall in
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excéssrof 100 mm is particularly sigﬁificant. Though recorded
énnual.rainfall at the UZ station exceeded that at station
0339856, the high rainfall months of February, October and
N0vembef:account for a measured rainfall excess of 212 mm.
The _fema_ix_iiné months conform well to the hypothesis of a
decrease in rainfall with distance from the sea. Since it is
tbé high rainfall moﬁths that appear toc be responsible for
theudifference in annual totals, it is postulated that the

.{quPiiiﬁxfaénmnually—read raingauges to record rainfall in
-:excess'of the raingauge capacity is a possible cause of this

discrepancy.

Rainfall:occu:red on 163 individual days at the UZ weather
station; However, on 49 of these days (30% of thé total), the
raiﬁféll recorded was the minimum detectable 0.2 mm. It is
likely that most of this rainfall can be attributed to
.precipitated dew collecting in the raingauge since this
rainfall_occurred either in the late evening or the early
: moxhing on 47 of these days. A further 78 days (48%) produced
-¥ainfall‘between 0.2 and 10.0 mm. Rainfall from these lesser
évents totalled 233.0 mm or only 16% of the annual total. The
.bulk of the annual rainfall {(1227.8 mm) resulted from only 36
- days. Aﬁart from a period in February when 277 mm were
‘recorded over . five days, these events were spread fairly
; evenly throughout the year. Daily rainfall ih excess of 100

mm was recorded on only 2 days (4/2/89 = 140.4 mm and

28/11/89 = 110.8 mm).



67

4.2 EVAPORATION AND EVAPOTRANSPIRATION

Eﬁapbration'close to the study area has not been recorded
' directly.by means of evaporétion pans fbr'any great length of
time.. Intérpo1étions' by Hutchison and Pitman, (1973) from
fecérdéd'déta_at-11:sta£ions in northern Natal estimated mean
énnuai  Symons. tank evaporation in the study area._at
'  abproximately"1326.mm. Charters Creek, the nearest station to
ﬁherstﬁdf_area'(Figuré_2.2) had a 15 year record, which gave

a mean annual evaporation rate of 1348'mm.

ﬁvapbratidn -in  the- study._area ~was further assessed by
" §alcula£in§.:dai1y @otential évapotranspiration at the uz
weéther Statioh site. The Penman eqqation (Peﬁman, 1948)‘was
'applied.tb recorded measurements of meteorological variables
(Kelbe'aﬁd_Rawlihs, 1990a). The aerodynamic resistance for a
short‘grass-(o.os ﬁ) was'calcﬁlated using a.roughness coef-
ficiénﬁ equivalent to 13% of vegetation height. The potential
gvapotranspiration fhus derived for 1989 amounted to 1752.5
mm (Table 4.7 and Figure 4.6). This derived annual potential
eVépotranspitation is 33% highér than the estimated mean

.Symons tank eVaporation‘for the area.
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Figure;4.6'Estimates of daily potential evapdtranspiration
' ‘during 1989 at the Uz station.

Table 4.7 Monthly potential evapotranspiration calculated at
the UZ Meteorological station

+---— o i = T Y e +
o~ MONTH = POTENTIAL EVAPOTRANSPIRATION
T -(mm/month) (mm/day)
F—— e — o ———— e ———————————— +
‘| January ©190.0 6.13
February 156.0 5.57
March 223.2 7.20
April 180.9 6.03
May . - 124.3 4.01
June = 75.9 2.53
July - : 82.8 2.67
August 112.2 3.62
September - 125.7 4.19
October . - 132.7 4.28
" |November 160.2 5.34
_|December _ 189.1 6.10
o e e e e +———————————————————; —————————— +
| Annual ] 1752.5 4.80
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4.3 TEMPERATURE AND RADIATION

Maximum and minimum air  temperatures have been recorded by
' the Weather Bureau at Charters Creek (Figure 2.2). Mean

monthly maximum and minimum temperatures for this staticon are

“outlined in Table 4.8 (from Hutchison and Pitman, 1973).

-_Table 4.8 Mean monthly air temperatures: Charters Creek

o e Fm———————— Fom e —————— +
MONTH MAXIMOM MINIMUM
=C °C

———— e ettt e ——— +
January 30.0 19.3 .
February 30.3 19.2
March 29.6 18.9
April _ 27.8 16.7

May . . 25.3 _ 13.2

June 23.:6 _ 10.6

July 23.5 10.3
August- - 24.2 12.0
September .- 25.8 14.6
October 26.5 16.4
November - 27.9 17.7
December 29.2 18.6
e —————— e ————— o ——— +
| Annual | 27.0 ] 15.6 |
o Fomm e ———— o ———— +

',Hourly, temperature and solar radiation, as well as daily
maximum .and minimum temperature were recorded at the UZ

station-during 1989. = These are displayed as mean monthly

“wvalues in Table 4.9.

The mean monthly maximum temperatures calculated for the U2

: _station“are'consistently lower than those at Charters Creek,

- whereas mean'ﬁmmthly minimum temperatures are consistently
R highe:Q This results in a smaller range between the maximum

and. the minimum temperature at the Uz station than at



70

Charters Creek.. This discrepancy could be due to local
differences-between the sites, especially as the UZ station
is situated on a topographic rise,.whereas the Charters Creek

station is only just above mean sea level.

 Table 4.9 Monthly température and radiation data for 1989 at
' the UZ weather station _

fm——————— Fo— e ——— Fm e ——— - o —— +
MONTH MEAN MAXIMUM MINIMUM |RADIATION

=C °C °C {MJ/m=)

R e o o o —————— o —————— +
January 23.49 27.63 19.56 23.72
February 23.58 27.72 20.40 18.75
March 24.01 28.51 20.05 19.78
April 21.13 26.48 16.70 15.88
May 19.74 25.06 15.81 12.56
June 16.86 22.33 12.15 10.35
July - 16.92 22.79 12.24 12.45
Auqgust 19.76 25.82 15,22 i4.69
September 19.16 24.30 14.86 16.77
October - 19.99 24.50 16.06 16.71
November | 22.09 26.43 18.77 19.33
December - 23.1M 28.01 19.96 22.68

T o ————— f————————— Fm——————— o ———— +

4.4 WIND SPEED AND DIRECTION

| Wind speed and direction have been recorded at the St Lucia
Estﬁéry Mouth station and at the Listers Point station in
False Bay, - .The- prevailing wiﬁds - experienced at these
sﬁations are = south-westerly (35.5%) and north-easterly
'(33,4%) at Listers Point,.and west-south-westerly (33.0%) and
.nbrth—nbrth—eaSterly (35.6%) at the Estuary Houth-(Hutghison
and Pitman, 1973). ‘Table 4.10 outlines monthly average wind
speédé at both stations and shows that annual wind speeds
.ﬁﬁer&ge 5 m/s, with the windiest months being from September

‘"to February.
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. Table 4.10.M0nthly average wind speeds at the Estuary Mouth
o and Listers Point

N e T o e ———— +
MONTH Estuary Mouth Listers Point
: (m/s) (m/s)
F+——————————————— - —m i — = +
January 5.16 5.52
February - 5.56 5.31
March - . 4.66 4.73
April 4.19 : 4.44
May 4.54 4.77
June 4.43 3.74
July 4.42 4.04
August 4.98 4.95
September 5.64 ' 5.60
October 5.18 5.90
November 5.89 5.72
December 5.69 "6.20
e e +
| Annual 5.08 5.14 |
Fm e e et TP +

rAt the UZ staﬁion wind speed was recorded during 1989, (fable
4.11), but due to instrument failure, wind direction was not.
Mean _mdnthly wind speeds are consistently lower than those
récorded,at the Estuary'Mouth and Listers Point stations,
howeveﬁ a similar seasonal pattern is evident. These lower
vvaiues afe possibly, as for the temperature data, caused by
-tﬁe differences in exposure and altitude between this station
"~ and the Weather Bureau stations. In addition the maximum
dailf gust Speeds which were moniéored have been averaged to

pro#ide an indication of monthly gust speed variation.
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~Table 4.11 Mean monthly wind speeds and mean maximum dailf
gust speeds at the UZ meteorological station

L ——— e e e e e e e e e e e e o e e e s . ———

MONTH Mean daily Mean daily maximum
| (m/s) (m/s)

e — e +— e +
January ' 3.65 10.37
February - 3.61 9,93
March S N 3.32 9.34
April : 3.33 9.71

“IMay : 3.08 8.38
June 2.70 - 7.99

T July _ 3.48 9.98

JAugust’ 4.18 10.34
September . 4.58 12.25
October 4.52 12.18
November E 4.40 11.78
December 4.31 11.23

pm—————— e —— —m— e ———— +
|Annual 3.76 10.29 |
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CHAPTER 5
HYDROLOGICAL ANALYSIS

:'Tﬁé surface water COmponentﬁ_ of the eastern shores area
'combrise thé Mfabeni system, Lake Bhangazi and the Nkazana
'stfeam%"as well as numerous unconnected ephemeral and
:intermiﬁtenf-pans and wetlands. These components have been
aSSessed to produce indications of their status under average
_cliﬁatic'conditions as well as their behaviour and response

to wet and to dry climatic extremes.

5.1 THE MFABENI SYSTEM

.'_Swamp .levels héve beeﬁ fécordéd by means of a shallow
borehole situated on the eastern edge of the swamp (borehole
=.'C.:2- 13';si§ure_ 2.9). Measurements forA the period 1973-1990
' (Figure 5.1) show the fluctuations in water level due to
ikaturai.climatic'variation. The swamp 1evei at borehole C2
iduring“ﬁévera§e  climatic conditions is approximately 7.1 m
_aSOve mean seé'level (a.m.s.l.). During the extreme dry and
wetlconditions ekperiehced during the past 17 yéars, this

. level has ranged from a minimum of 6.2m to a maximum of 8.0m.

-.Further'to the north, Lake Bhangazi forms a permanently open
‘water. body. This lake is connected to the swamp through two

: outlets artificially maintained_by concrete culverts. Fluc-

' “7tuations_in Lake Bhangazi similar to the swamp have been rec-

- orded at borehole D1 situated on the lake shore (Figure 5.2).
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 The maj'or ..oﬁtflow from the swamp system occurs threﬁgh the
Nkaz.an-a"s'i.:ream. Using a crude Parshall flume constructed near
the mq'uth:. of this stream, sporadic measui:ements of d:i.scharge.
were' -taken :'from 1979 .to 1984, when the flume became
'_ihopez.:_atj;ve. .'I-'otal flow was estimated to average 1 000 000-
i mélyear (2740 m3/day). {Lindley and Scott, 1987). Estimates
ef'low“and high annual flows were 125 000 m® in 1980 and
3 .50'0. 7000' m3 in' 1984. Discharge rates ranged from below
0.0015 m3/s7to well above the 0.110 m®/s design capacity of
' -‘tl"le.' flume In order to evaluate this discharge more
_ effectively, a short throated Parshall flume was installed in
the .Nkazana stream iﬁ 1989. Discharge measurements for the
| éefiod 28/6/89 to 14/10/89 are displayed in Figure 5.3, and
sweﬁp“ water level recordings at borehole C2 for the same
veriod in Figure 5.4.  Unfortunately, instrument failure
.'_prec.luded a. lbnger period of observation at the flume. From
7'figuree 5.3 and-5.4 it apbears that the period of measurement
: from. 28/6/89 to 15/8/89 at the Nkazana stream corresponds to
fa perioé. ef' average swamp level and consequently should
iﬁdieete;average discharge conditions. Discharge for this

.'perio.d ranged between 400 and 7000 m3/day, with an average

~ discharge of 1200 m>/day.
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Figuré 5.3 Dischafge at the Nkazana stream from 28/6/89 to .
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'.Figﬁre 5.4 Water level hydrograph at borehole C2 during 1988

and 1989 (the period between 28/6/89 and 14/10/89
is depicted by vertical lines)
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5.1.1 Water Balance under Average Conditions

inrorder'to quantify the effect of possible perturbatione to
theTxhydtological_ regime, it was ”neeessary to derive
e“water balance for the swamp under existing eonditidns. This
' water balance derived for mean conditions is outlined in

 Table 5.1.

' Table 5.1 Water balance of the Mfabeni swamp

_ N {m3/day)
- | INPUTS {measured)

- |Rainfall WB0339756 (915 mm/year) 44 375

Rainfall wWB0339856 (1310 mm/year) 63 900
Rainfall UZ (synthetic) (1200 mm/year). _ 58 575
e e e +

OUTPUTS (estimated)

" |Evapotranspiration (1750 mm/year) o 85 200
Discharge (Nkazana strean} ‘ : 1 200
e e e e +
- | TOoTAL OUTPUTS : 86 400 |
e e ——————— e +

|BALANCE  (Input from seepage)

|Limits (from WB stations) . _42 025 to -22 500
Estimated (from UZ synthetic rainfall) : ~-27 825

ﬁaiﬁfall Iinput“ to the swamp has been presented as three
.”valdeS 5aeed dn:aVerage'annual rainfall at Fanies Island, at
SﬁﬁLuéia’EStﬁery,.and at the UZ station (synthesised). The
' .'r.einfel.i. de..pth. was multiplied by swamp area _to produce an

_evenge'daily ihput volume. Since the aVerage annual rainfall

.';eover the swamp is expected to be similar to the synthetic Uz

.f_statlon average at around 1200 mm (Chapter 4) the calculated_
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E déficit- is _";_27 825 m3/day. This deficit is accounted for by
the:unmeasured'seeéage infldw from the swamp catchment area.
'If the_catchment area (32 km2) is partitioned between the
we.éter’n :blain. (20 km3) and _ther eastern duhe. area (12 km?),
62% of the total swamp inflow is likely to be derived from
fhe-;stﬁdy area. From the water bélance_ calculations the
expécted inflow froﬁ the eastern shores plain is likely to be
‘between 13950 and 26050 m*/day. This inflow, if it is evenly
' _.distz;'ibilted--élong the swamp perimeter (14 km), equates to .
'::an a&erage'daiiy séepage'outflow'loss from each kilometre of
the '-e.dge of the plain of between 1000 and 1850 m3/_day. If the
synthesised' rainfall. for the UZ station is.-taken.-as
freprésentaﬁive 6f ‘the entire study area then the infiow
equates to 1230 m*/day/km. |

Thé_._ Séétion ~of the eastern shores plain under consideration
has . a . perimet.'er of . about 28.6. km, and an area of
aﬁérdximatelY-40'km2. If it is assumed that the outflow to
_-_the_ swamp is of a ‘similar magnitude as the outflow to the
  lake;  ihe -totalg.é#erage daily - outflow equates to 35 200
ﬁ3/day, VWhén distributed evenly over the catchment area this
”_daily:outflow-is'eéuivaient tO'airainfall depth of 0.88 mm.
_Thus,,dufihg an average year, the seepage outflow from the
_ﬁlain}is derived from.320 mm of rainfall (27% of the average

| rainfall total). :
5.1.2 Response to Wet and Dry Extremes

) The. [_:.r:espOnsé._ ‘of the swamp to periods of above and below
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everage -: i.'a.i”nf_all' was assessed with reference to the water
.lex._rlelr_'hydrograph' obtained' from borehole  €2. During the
cyclonz.c _rainfall - events Domoina  and Imboa the total
' '.d_:i.-.scharge rate into the swamp increased as a coneequence of
both the i‘ai_sed'water table and direct precipitation onto the
.sw.a.mp. 'of-'approximatelyr'O.Q metres. This caused .a substantial'
:zrise:'.ip: the water surface elevation of the swamp and there
.:'v_;r'a_s _e"corres;.)onding_ increase in its surface area. This effect ,
.t.«w.a‘s: Ve)':tremely " rebid; rende;:'ing extensive areas inaecessible_
':::_fori _'se\;eral_-- mohths'. Discharge rates remained high for a
:.:c:onsiderebl_-e_ ..period as water taken into 'storage during the

'_eyclonee _s_éas slowly released to the swamp. Hydrographs from

" all the boreholes ‘indicate that water levels were above

’average-_ f_:'ot_-a"pexl'i‘od of about three years; hence it is likely.
tl;at;_the __dis.'chatge .from the e.astern. shores plain into the
swamp .teniairied 'above ‘average for the same | period befor_e
retummg " to  ‘'normal'  (Kelbe and Rawlins, 1990b).

Measurements of swamp level at borehole c2 (Figure 5.1)

) '_before and after thlS -event are available and serve to

s 'conflrm thlS' conclus:.on. Unfortunately no measurements of

-‘ -.the - peak stage are -available for the six month period

| -followlng the cyclones as the area was inaccessible and the

borehole 1tself ‘was under water. To produce an estlmate of

""'the peak stage at: thls ‘borehole the recession curve of ther

"irswamp hy drograph was extrapolated back to the time of the

o cyclon_es “( E'lgure 5.5).

In resp.onse. to these raised water levels in the swamp,

""l."dlscharge through the Nkazana stream responded s:n.m:.larly and
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- hlgh “flows resulted. The stream is ‘assumed to have been
-.flow1ng at. bankufull capac1ty at the road cr0551ng 1 km from

__the lake (Figure 2.9) following the cyclones (Porter, 1987).

 SWAMP LEVEL (RELATIVE TO MEAN) (m)

. =02 — T T | — T i T I H T T
DN + I _ 0.4 0.8. 1.2 1.6 2 2.4 . 2.8

_. '.t;‘nus SINCE DOMOINA (years)

'-Figuré 5.5 Recession rate at borehole C2 following cyclones
. Domoina and Imboa

The Cross-— sectlon of ‘the stream at this location was surveyed
..(Flgure 5 6) to obtaln the wetted perlmeter (61 m) and the
'cr_oss—,sect'l_onal area (31 m2). The -slope of the f_rge water
e .'su_rface-:v'w'és._ eétimated : froin surveys and maps to be 0.001. _Thé
'lr-lydraulic' res-istan.c'e.'. was estimated by assuming a Manning
'3:coeff1c1ent of ©0.133 for a water course that has well
: establlshed trees throughout the entire cross—sectlon - The
dlscharge at bank—full condltlon was derived from equata.on

5_.1 ,(va.n Langenhove,. 1983) to be approx1mately_ 4.8 m3/s.
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Q= s/R_ ....... '......'.-(5.1)'

. Where S. the slope -of the free water surface

the Manning coefflcient {sm—*7/3)
the wetted perimeter . (m)
the cross section area {(m=)

~.and R =-n2'_g4/3 where n
and A

i

. 0.8
. 0.6 4
0.4 —

Loz

C o —0.2 A

' DEPTH BELOW BANK—FULL CAPACITY (m)

DISTANCE {m)

Flgure 5 6 Cross- sectlon through the Nkazana stream at the
o road cr0551ng

';f.This'dsfivéd bank-fuli discharge was assumed to correspond to

L the ralsed swamp surface elevation of 0.95 m above normal'

'.1-As descrlbed above, under average conditions the dlscharge of

sthe Nkazana stream is approxlmately 0.014 m3/s (1200 m3/day),

s'-fwhlch corresponds to .an average swamp elevatlon (7.1 m

4

fa m s. 1 ) (Flgure 5 1) and ‘to the- average swamp water surface

'_:i area’ (derlved from orthophoto maps) of 17. 75 km=,
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‘sihée_theidischarge'eﬁ.fhe.Nkazana.stream is directly related
to:the‘hfd#aulie:head within the swamp it is assumed that the
"_discherge receded eo average conditions in ﬁhe Same manner as

.ethe‘ seamp levele.e A..rating curve between 5wan¢i level and
"e stream diécharge:wae derived based on this relationship. This

ﬁ.'is-given in Equation 5.2 below.

Q= 5.038 h + 0.014  ......... P £ 83
-Wheié'Q:=,the_Nkazana discharge (m3®/s)

;and'hﬂ;_the'ipcrease in swamp level (m)

_ From'- 1nterpretatlon of o:thophoto maps and_: aerial
&* photographs, eiﬁ-_appears that the swamp surface area

T'fluctuates between 16 5 and 19.0 km? in response to climatic

'-'_varlatlons.' Durlng average climatic conditions, the swamp

”;efeaue>(inc1ud1ng. ‘Lake Bhangazi) was estimated to be

f;j?,?S_km?g During the peak inflows associated with cyclone

E Domeina the'area expahded to a maximum of 19.0 km=2, Since the

“;topography 1mmed1ately adjacent to the swamp is characterised
'f'by unlformly shallow slopes, the increase in surface area
”:iwas assumed to. be llnearly related to the increase in water
- stageej,A_.ratlng_ curve between surface area and discharge -

-”?(Equetion.5;3)”at the Nkazana stream was derived in a similar

ne, 1menner.;to.ithe}'cerVe _for~_stage—v$—discharge _(equation'S;Z)

"-jWhere Q

' described above. .

-;Qj;'3'829 a + o 014 ....................... N -

the Nkazana dlscharge (m3/s)

e and g é;the 1ncrease:1n-swamp_area (km=)
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At thé Nkazané stream, the recession of fiow from 4.8 m?®/s to
 0;014.m?/s dﬁring'the 3 year period following cyclone Domoina
,yields_an additional discharge volume of 151.2 x 10°¢ m3®, If
- it.iSIassumed that thé additional direct-rainfall input from

the‘cyclones £o the swamp (17.1 x 10 m®) all contributed to

Ehis'excess.flmw and éhat all other rainfall during the 3
- year ﬁe:iod maintained'average flow or was evaporated, then
8 134;1.x'105'm5 was derived from groundwater seepage into the
szamp;  Thé cohtribution from the catchment to the west of
the"swamp- (62%.'of the total cétchment), thus - equates to
83.1 x 10° m® or 5.9 x 10° m3/km of swamp edge. Discharge
from' thé -Stﬁdy area during this period is therefore
' calculated to be 169.8 x 10° m® (5.9 x 10° x perimeter). This

is équivaléﬁt té an annual rainfall depth of 1400 mm ove£ the
.élain, area of 40 km2. It appears therefore, that .the

maj@riﬁf-of the water input resulting from extreme rainfall
T_‘eVéhts increases: ngundwater storage and then contributes,

' ovef_an'extended period, to increésed groundwater seepage.
'jﬁuring periods of _beldw average rainfall there is a
- édnsequént redﬁc_:i_:ioh in swamp water level, swamp area and

stream dischﬁréé;'The pefiod from January 1982 to July 1983

typifies éuch-a period. Rainfall during.this period was 600

ﬁm.less thah_éverage'at Fanies Island (0339756) and 970 mm
-léss '£hanj'éveragé"at- St .Lucia Estuary (0339856). The
 synthetic record for the UZ station indicates a deficit below
méah rﬁinfall of 875 mm. iWater levels at boreholes C2 and D1
éonSiétehtly_fell during this'périod to their.lowest recorded_

1éveisfbetween-1973'and 1990.(figuxes 5.1 and 5.2). Allied to
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' _thé_decreasing'Qatéf levels would have been a corrésponding
décreaée_ in swamp surface area. From orthophotb maps and
-histqricai-aerial'photographs, it is clear that the swamp is
topégraphicélly contained within a shaliow' basin. Though
- difficu1trt0 measure retrospectiﬁely, perénnial swamp area
is .'unlikely' even dﬁr_ir;g this dry period to havé decreased

below 16.5 km=.

| Althoﬁgh- _re]_.:i_.able feéordings of discharge through the Nkazana
 stream for this period are unavailable, it is likely that
they . ‘were - very 'low. or even ceaséd altogether. ' As a
'cbnsequence' of low recharge and hence "low.ered water levels,
.'groundwater ' seepage “into the swamp from its catchment area -

"would have also decreased.
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CHAPTER 6
GEOHYDROLOGICAL ANALYSIS

'VGeoh'jdrol'ogioal anailysis has been conducted on both the
':-..histo.ric" data oolleCteh from the small diemeter boreholes
(1973;1990)-and-the new data received from the large diameter
: boreholes 1nstalled in 1987/88. These analyses compared the
water table fluctuatlons exper:.enced at various locatlons
'w1t:h1n the study area w1th the aim of detecting different

geohydrological _behav1our ‘under conditions of different'

cllmate and dlfferent vegetatlon cover, and in response to .

vegetatlon change) durlng the period of record.
6.1 OVERVIEW OF RECORD

_ _A.'g.umbe_z_:' of - trends are apparent in the data collected from
" these boreholes over the period 1973 to 1990. To illustrate
I_-the'-se,.- the éomplete -water level hydrographs at
all" o'f the boreholes: within the study area are .given in

---Appendlx B and the complete monthly ralnfall series for St

" Lucia Estuary (0339856) in Figure 6.1.

-'.'At least during the first ten years of operation, most of the
o boreholes had. good hydraul:.c contact with their aquifers.
Thu_s ..water levels fluetuate fairly conformably in response to
'L"’fainfall : variati"ons'. _- Also apparent is a ‘rapid_ aquifer
.re"s;;Ohse"”to '_.J;'echar'ge. '.events essociated with rainfall, with

" mon-ths' of high rainfall corresponding to a rise in water
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level at;each borehole. In drier periods the water levels at

- the different boreholes drop at varying rates and by varying

magnitudes.
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Figure 6.1 Rainfall record (0339856) for the perlod 1973 to
S 1990 |

 F£6m i9f3 t6s1976,-rainfall was consistently above average
) and ﬁaterz _ levels remained high. ‘Very high rainfall in
| 'D'ecember- .197.'5';' dénﬁary 19'76 and March 1976 (Figure 6.2) 1ed
.to all functlonlng boreholes attaining maximum water levels..
Unfortu_nately,_ there was a period from August 1976 to March
| 1978 hhén' monit_bring ceased and thus no data is avai_lable.
) It appéars. _“that during this period water levels remained
: a.l.b.ove_ a\.rez;a.g.e '. foilowing _t_her high rainfalls of 1976_, though

r'f;they'had a11'erpped by about 1 m by 1978.
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_"Flgure 6.2 Deviation of actual monthly ralnfall from mean
' monthly rainfall during the perlod 1973 to 1990

During the _period 1978 to 1981 period, most boreholes show a

in water levels with very few minor

. consistent decline

fflubti;ations. _This corresponds with a period of intermittent

and belowr average ralnfall (Figure 6. 2), and hence recharge
--was low._ Wlth dlscharge exceeding recharge, storage declined.
VThe increased depth of the zone of aeratlon also resulted in

'-'_.more complete absorptlon of ~minor rainfall events in the

unable to contr ibute

. dlrectlYto grogﬁ_dwater recharge.

o In early 1931, manf of the boreholes_show a sinall rise in

. water levels, correspondlng to a period of above average

wet season

in the 1980/81 (Figure 6.2). The

: '_raln_fall-
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"iimaghitede ofﬁhthis. re5ponse. oiffers at different boreholes
: with“sirrborehoies showing no increese.”Sinoe two of these
jeeboreholes-ihf1974;dispiayed poor hydraulic contact with the
faquifer:(AS:eod A6), the lack of response is likely to be due

to thelr deterlorated condltlon. The rema1n1ng four borehocles

'e._where no’ response was ‘detected comprise the D line which

'ere close to the mature section of the plantation. This could
rfbe*aszaxconsequence of a thicker unsaturated zone absorbing

-this rainfall.

Decrea51ng water levels across the whole area from 1981 to
: mld-1983 correspond to the below average rainfall inputs
e“'during-this period (Figure 6.2),fand'to groundwater storage

"-reduced:in'a similar manoer to the period 1978 to 1981.

lf,From'the-middie of 1983 consisteﬁtly above average rainfall

':led to a w1despread increase in storage which re-attained

.ﬂ-maxlmum 1evels in early 1984 in response to the two troplcal

i-cyclones, ‘Domoina and Imboa. Ralnfall associated with these
:'cyclohes'ceused an'excess'of-more than 600 mm over mean in

'{January and February. ‘Water level response to these events

cnfwas w1despread. The degree of rise ranged from 1 m to over

“V3 m. and levels attained were similar to those reached durlng

:f7f1976. The rate of rise varied, some holes having an

":ilmmedlate response and others being con51derably delayed.

1:-ThiS”'delay}f since it was probably due to poor hydraulic

T-f”contact agaln served to distinguish between reliable and

:L_unrellable boreholes.'
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Fblldﬁin97 theée major ‘rainfall events, high water table
:a"levelé.were maintaihéd by major storms occurring during 1984
o and-1985; Since the:water table was close forﬁhe surface, the

| zfe_sponse: of groundwater to rainfall was good. However the
constant ,levéls ~shown 'since 1984 at some boreholes is

-_indiqative of théir.faiiure durihg this period.

Theléeriod of beloﬁ éyefage rainfall from 1586 to Seétember
7;1987 is charadteriséd by declining water levels at all the
fuhétiqning-bo#eholes. The:fates of_recession éxperienced-in
 tﬁi$_pe£iod compare well with those during the 1978/81 dry
'ééridd_ét_those boreholes where no major change in vegetation
r” cover:bécurred. Given the somewhat shértef time period of
.tﬁis,drf cycle,.water.levels do not drbp to levels achieved
in.1981. At boreholes where a change in vegetation occurred
(C4' and; 65);' however the recession rates appear to have
ipcréased_éhd levels achieved in 1987 are similar to those in
1981. This aspect is covered in detail in the following

section.

:-Heavy_rainfall in September 1987, though of lesser magnitude
 fH_thah:thét of early-1984; recharged the aquifers considerably.
As in- 1984, the magnitude of the water level rise was

. widespread though it did vary between boreholes.

Between 1987 and 1990, several months with above average .
kfainfa11 .(Eigﬁre_16}2) served to maintain water levels at
-$light1y5“ahove ‘average. The hydrographs' for this period

 display a seasonal pattern of summer rise followed by winter
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" recession. __Dete ..avail_able for this .period from the newly
: ihStailed _.boreholesr, confirms that several of the older.
”',.'_boreholes (A5 A6, B3,_ B5, D2,_.DB, and D5) were, by then,
1nadequate, whlle others (A3, B4, C2, C3., D4a, and D4h) gave

' _val:.d records. )
. 6.2 GROUNDWATER RESPONSE TO INDIVIDUAL RAINFALL EVENTS

'Continuooo water level data :for borehole E1 situeted at the
.'f__v"we'a.ther ._st‘ation is available for the dry season recession
-_':pleri.od _from 21 June to~9 October 1989 (Figure 6.3). These
'__data". a:lr.e' compared to ._the rainfall for the same period
‘recorded ‘at the weather station (Figure 6.4). With rainfall.
:3 -.itotalling'_."17_.0. mm, the water table declined by 0.28 m‘from

2,17 ”m_"to '2.449 m below ground level.

'iThree r;a-ihfalil events signifilcant enoogh to raise the ﬁater-
table were experlenced. The first occurred on 1 Juiy (day.

411) when 17 mm of ‘rain increased water levels by 10 mm; the
: second on 20/21 July (days 30/31) -when 31 mm of rain

B 1ncreased water levels by 46 mm; and the third, from 22 to 26

"'.-September (days 94-98) when 66 mm of rain raised levels by

'~'_-137 mm In each 1nstance the retarded response of 3 days

- : _between maxrmum ra:mfall and maximum water table elevation

':-:_-_g:l.ves , the percolatlon ‘time for water to move through the

unsaturated zone (Kelbe and Rawl1ns, 1990b).
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Figure 6.3 Water table hydrograph continuously monitored at
borehole E1 (21/6/89 - 9/10/89)
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:.Ai£hough.the-efféc£ of scattered small rainfall events on the
saturated zone is small, some of these events (Table 6.1),
nevertheless géve rise to a slight, detectable decrease in
the gfoundWater recession rate. In these instances most of
ithe rainfall input would - have been absorbed by the
ﬁhsétﬁratéd_zohe. The’minimal effect on the saturated zone
.was:éSCribed:rather_td'décIeaSed evapotranspiration on cooler
raiﬁjfdays than to an input of recharged water (Kelbe and

Rawlins, 1990b)

"Table 6.1 Rainfall events and corresponding water table
response at borehole E1

B e e ———— +
EVENT DATE - _ RAINFALL WATER TABLE
: RESPONSE

{mm) {mm)
e e e +

28/6/89 2.4 - 6.0

1/7/89 17.0 + 10.0

6/7/89 5.4 - 4.5

12/7/89 1.6 - 6.0

20 to 21/7/89 31.0 + 46.0

- 2/8/89 3.6 - 5.0

14/8/89 11.0 - 2.0

30/8/89 4.8 - 5.0

6/9/89 3.4 - 5.0

"7 to 8/9/89 9.6 0

_ 19/9/89 11.0 0

22 to 25/9/89 66.0 +137.0
e e e Fmrm—————— e ———— e i i s +

"ﬁainféll 'éveﬁts and corresponding water table responses
'1.(Table'2.1)'(adjusted for the lag period) are plotted against
. eé¢ﬁ éthér in F&gure 6.5. From this Figure it is apparent
._ that -the wétef'table, at a depth of 2-3 m below the surface
in a_grassi;nd environment, will respond to a rainfall event
  'ek§éeding' épprpximately 10 mm. Obvibusly_ antecedent cond-

.'Litidns,'whiCH_pléy a role not accounted for in this analysis,
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h w_.ill.';ral.':y_ considerably_ over i:hé course of a year, however, if
~it .is' assumed.that the period of récord was representative of
-avera;ge_',conditions, an estimate. of annual effective rainfall
llrcc.:uld be fnade. The distribution of dailf ~rainfall for
"r_ainf.alli statio_ns at Fanies Island (0339756) and St Lucia
Estuary (0339856) indicates that over 50% of rain-days do not
' :produce precipitation depths greater than 1.0 mm (Chapter
4.1.3). Since £hese rain-days account for approximately 25%
'of- the. anhual rainfall total, the mean annual effective
groundwater recharge at the UZ weather station is reduced
~ from the 1200 mm of total ;ra:.nfall to 900 mm, with the 300 mm
difference' being accounted for by interception losses and

unsaturated zone recharge.
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. 6.3 COMPARISON BETWEEN PERIODS

Afméjor perturbation during the period of_historical record
was_the.establishmenffof a plantation in 1981. Two periods
(1959_ahd 1986) - with similar characteristics were used as a
basis- _of comparison oé ‘water table conditions before and-
_'affer'1981. " The relative rates of water tablé decline were
--then anaiysed at selected boreholes for both periods in order

to assess the effects of plantation development on ground-

water.

-Thé mechaniéms responsible for the rate of deéline of a water
table in this_ situation include the geological  and
geohydfological charécteristics surrounding the borehole, the
.initial head as.fepresehted by the elevation.of the water

table, and_the recharge and discharge rates. .

. Since fhe.éompérison was.between receésion rates at the same
_ borehdle at different times, the geological structure and the
. geohydrological conditions (pbrﬁsity, permeability, storage

'jcoéfficient,.whfdraulic conductivity and transmissivity)

'sﬁrrounding éach_borehole.éan be assumed to have remained the

' same. Anrimﬁiication of.this assumption is that the hydraulic
continuity between'the selected boreholes and the aquifer did

 n6t.change'significantly during the seven years between the

IEWO_periods. Thus only those boreholes which appeared to show

good;résults in slug:tests in 1985 were considered.

 The'"periods ﬁeré selected so as to minimise the effects
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. of diiferent initial head; of water before each reéession
periodg With'starting points at all the boreholes analysed
‘being within 10 cm of each other, the subsurface inflow and
oui:flév; compénents of the water balance at each borehole
_shoﬁld have remained similar.

fo-allow'zi direct'cémparison between - the two periods, the
'recharge;to-thé study area had.fo be similar. An assessment
‘of :ainfall'recdrds for the two periods (Table 6.2 and Figure
'6.6)'.showed ~both  to- be below average and similarly

distributed through the year.

' Table 6.2 Rainfall records for 1979 and 1986

F—————— e —— F—————————————————— T e e s +
| 339856 1979 | 339856 1986 |
Fm——————— te——————— o ———— o +
MONTH TOTAL ACCUM TOTAL ACCUM
{mm ) {mm) (mm) {mm)

e ——— e — e ——————— Fr e ————— t———————— Fo———————— +
January 88.7 88.7 124.8 124.8
February - 66.9 155.6 87.8 212.6
March - 107.2 | 262.8 54.3 266.9
April _ 65.2 328.0 145.7 412.6
May 120.7 | 448.7 42.7 455.3
June 0.0 448.7 66.4 521.7
July ' 18.9 467.6 7.2 528.9
August 32.5 500.1 10.7 539.6
September |  77.5 577.6 "63.0 602.6
October 98.6 676.2 73.5 676.1
November 26.1 702.3 . 60,3 736.4
December 109.3 811.6 128.1 864.5

e —————— P S S S Form e ——— +
|Annual | 811.6 | | 864.5 | |

o ————— t———————— F———————— fm——————— Fmmm———— +

Discharge from the study area is in the form of groundwater
outflow t(dove:ed'-ab0ve) and evapotranspiration. Evapo-
transpiration rates vary according to the depth of the water '

B tablé_'belowi.the"sﬁrface- and according to the type of
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vegetation: gr_dwihg. 6n'-the surfa(::e_. Given the similarity of
| heads a_t_..the start of the two périéds, ‘at boreholes where the,
."vegetation 'rema_ined ‘the same evapotranspiration should also
'have .rélﬁained _the same, and consequently “water table
: feceééion .ra.ltES should be similar for the two periods. If
w}egétation ch.a.n'ged : betv;éen the first aﬁd second period at a
: : barticular ' bor'eholes, and gave rTise to a change in
evapotransp.iration ratés ' then this change should be
_ réfleéted in water table recession rates.

9
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" Figure 6.6 Cumulative rainfall in 1979 and 1986

'i;hé ”.ratés;' of. .:recess..ion of thé eight boreholes that appeared
to nl;ave" K relétivelY unimpared hydraul.ic conf:act with the

_Ia;q.uif'e.r ﬁére._'compared. The location of these boreholes in
= i:élation : to'_'-i-.:t.xe_ 1981 'pllantation was as follows: two were

within the 1981 plantation; one was 100 m from it; one was
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1km away; and three were located at least 3 km away from the
| pléntation.i A further borehole, B1 was adjacent to the

‘established 1960 plantation.

?egressioﬁrlanalysis was’ pérformed on the water level
' recessions _tb. alloﬁ direct comparison between the two
.periods,. and the best fit straight 1lines for water level
f.récéSSions were thus obtained (Table 6.3).. Froﬁ this Table a
sigﬁificant difference in the recession rates at some of the
boreholes_is é&ident,'most notably those within or close to
‘the 1981 plantation. o

Table 6.3 Regression ana1y51s of borehole recession rates
- "1979 and 1986

PO +--——4-——?—~"# —————— $———— S S —— e — T
BOREHOLE| LOCATION YEAR | TOTAL | xr® |CHANGE
| - DECLINE| -
e ———————— S o — A +
A2 3 km from 1981 1979 | 1.38 | 0.98 -
- Plantation 1986 | 1.27 | 0.99 | - 8%
a3 '3 km from 1981 1979 | 1.20 | 0.96
| Plantation 1986 | 1.25 | 0.98 | + 43
A4 | 3 km from 1981 1979 | 1.25 | 0.96
. | pPlantation =~ | 1986 | 1.21 0.97 | - 3%
c3 | 1 km from 1981 1979 | 0.65 | 0.97
| plantation 1986 [ 0.70 | 0.89 | + 7%
B1 | adjacent to 1961 1979 0.81 0.97
5 Mature Plantation | 1986 | 0.92 | 0.96 | +13%
B4 | 20 m f£rom 1981 1979 | o0.81 | 0.84
Plantation 1986 | 1.30 | 0.95 | +60%
c4 | 1nside 1981 1979 | 1.21 | 0.97
| Plantation 1986 | 1.66 | 0.97 | +37%
" ¢c5 . | Inside 1981 1979 | o0.90 | 0.99
- : Plantation_ 1986 1.20 0.99 +33%

—— — e —

.+.
.



98

-3 MONTHS = 6 MONTHS 9 MONTHS. 1 YEAR
b 4 1 - I

,_._a)_

1,50 -

WATER TABLE DECLINE (METRES}
/7

1,76 4

b) - 3 MONTHS 6 MONTHS 8 MONTHS 1 YEAR

0,25 S~
0504 ~ : .
o754 : ~o .

1,25 1

1,50+

WATER TABLE DECLINE (METRES]

1,75~

- I : : 3 MONTHS 6 MONTHS 8 MONTHS 1 YEAR
e C)_ o ~ —- *

- 0259 ~
0,50 N .
0,75 1 T
1,00 -

- 1,264 .

WATER TABLE DECLINE (METRES)
/
/

1,504 S '

1,754

Cc.>mpa:-:rativ-e water table recessions during 1979 and
1986 (a) Borehole A2 (b) Borehole C4 (c) Borehole

B4

- Figure 6.7



99

Boreholes A2, A3 and A4, situated at least 3 km from the 1981
' blantation expgriencéd no change in vegetation cover and show
little change in ' recession rates (Figure 6.7a) This

- continuity confirms that the climatic and geohydrological

characteristics of the two periods selected were similar.

.Bofehbies C4uan¢C5, within the plantation, show a 30% to 40%
 increase in recession iates_following the establishment of
Fhe 1981 plantatién {Figure 6.7b). As this increase cannot be
e accounfed_for'by variations in rainfall or seepage flow it
'utis .cleafly__due ~to a significant increase in evapotians;
'_piratiqn asséciatedrwith_the consumptive use by the young (5

_ year old) trees..

Boréhplé BQ, situ&ted 100 metres away from the plantation,
.alsq shows_a; considerable increase in ;ecession rate (60%)
- :(Figﬁ:e;6.7c)._A1though the increase is greater than within
fhe:p}antation"it'nevertheless serves to confirm the.trend
7-aﬁp§£ent within_therplahtation.

Boréhdle Cc3, situated 1 km away from_the plantation, shows a
small i#creése -in'.recession rate, which may be due to
iﬁcréased_consumptive use by thedplantation..However, this
Eorehole is siﬁuated in close proximity to the Mfabeni swamp
énd,fherefofe'its-recession rate is more likely to be cbnt—
'__”rollea_by the level of the éwamp than by any other factor..
fﬁéreﬁole ;B1,,ioéatéd adjacenﬁ_ to the mature piantation,
rivéisoréispiaY$'a slight_iﬁcrease:in recession rates. This may
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. i)e- aﬁe to the fact that the .plantation was adjacent to the
L borehole durlng both perlods and that the evapotransp:.ratlon
.rates from 18 year old trees is similar to that from 25 year
o0ld t_rees.. 'The slight increase detected, is possibly due to

. .an increase in interception loss by the more mature trees.

It can be estimated from these results that in regions such

as thJ.s w:Lth ~readily " available water, the establishment of

- fast '..growa.ng tr_'ee ~species can -s:.gnlflcantly' increase the

' consumptive use from the saturated zone by up to 40% (Table
"6'.3).. The extent of this effect appears to be fairly limited,
ex_tendin’g fo' at most 1 ‘km away from. the plantation.

o 'Sirllcze' ‘hydraulic. heads were inif:ially ‘similar, groundwater
"'.s.eei)'ag‘e 'flew from the plantation. areas was assumed to have
been ‘similar during the two periods. However, the faster

- J;—eces'siee : .under:' the plantation wouid have led to some
:additiohal decrease in seepage outflow greater than that

under grassland areas. This effect, incorporated into the

- above recessions as a decrease in the outflow component,

" would add to the eirapotranspirational loss attributable to

eﬁrthe°foresti

- In sOiis' of this_'-- type with porosities of 45% and specific
' yields of 35% (Lynn, 1990), the additional annual water loss

“"résultant"Jfromﬁ forest establishment, reflected in the

o add:.t:.onal water level drop of between 0.3 m and 0.49 m,

 amounts ‘to between 100 and 170 mm/year (1000 to 1700

" m3/ha/year). Thie‘ regional loss would be ‘further increased
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. by the reduced recharge effectiveness of rainfall consequent

.- on an- increased interception loss.

' -The_effects of afforestation on consumptive use appear to be

L mdst marked during the early years of the growth cycle of the

 _ t:eesjas evidenced by the results from borehole B1.. These
 effeets.eprobab1y lessen ﬁith age after the groundwater
rzreadily available pridr‘to planting is.exhausted. Opce this
‘ﬂ-initial ;esource_is ﬁtilised then_it is only the infrequenf

major recharge events that are able to redress the water

R deficits;*,In,this region major replenishment of the_aquifers

_ocdﬁfs'intefmittently following extreme rainfall events such
.+ as those in 1976 and-1984. These events were of a sufficien£
ma§nitude to reeharge the aquifer fully at all locations and
_tq'b:iﬁg,the:water table close to the surface. Lesser heavy
_'rainfall_ eVepts,',sﬁch ‘as ‘that -occurring in - 1987, were of
sufficient'magnitﬁde.to redress the deficits partially, but

enot to,recherge the aquifer over its full extent.
6.4 COMPARISON BETWEEN BOREHOLES

| Ie;ordef to assess further.the.effecte of vegetatioﬁ cover on
'e‘groundwater behaviour, water table hydrographs from the newly
.finsﬁalled boreholes were assessed. Boreholes from all veget-
-fatioﬁ-coﬁers;were_selected'to provide representative water
e.table fluetuatiens;over aﬁ ﬁ8 month period. This period, from
-”_i4;Marehei988 to 9 September 1989, covered two dry winter
:;seaSOhs_and the intervening 1988/89 wet season.  The starting

.:'fbihﬁ, 14 March 1988, represented the maximum recorded water
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..ievei_foliowihg.the 1987/88 wet season. For purposes of comp-
.'erison,_all the'hydrographs were adjusted to begin with this
'level as a common datum. -Theugh this procedure weuld cloud
3 any effects of dlfferlng hydraulic head on recession rates,
 the_effects of head were assumed to be negligible in comp-

-

 arison with the effects of rainfall and evapotranspiration.

' 'scevering .fhee undistufbed; situatios in the area over this
.ﬁeriod, the hydrograph for borehole C2, sited on the eastern
s: edge of the Mfabenl swamp, and the monthly rainfall record at
the.UZ weather statlon;are presented in Flgures 6.8 and 6.9.
' _ A sighificant-weter teble.responserto-rainfall is evident
fro@-fhese Figures, with.small events retefding the seqsonel
recessipn rate,uand_.larger rainfall_ events recharging the

aqﬁifer and raising the water table.

'.:Figure__ﬁfs shows that during the drier winter period
following .the 1987/88 wet season, water tables dropped
COnsistently;:.However several rainfall events able to raise

.the 'ﬁater :Ievels temporarily occurred during this season

(days 80 to 120 ). The greater and more frequeht rainfall in

. the sprlng of 1988 resulted in a more marked groundwater

response. Durlng thlS per1od the water table d1d not remain-
&i.elevated for .prolonged periods, . however, and water levels
edropped rapldly fo110w1ng these ralnfall events (days 180 to

_;280) Thls rapld drop is. p0551bly due to hlgh consumptlve use

ﬁ-:durlng sprlng. Durlng the summer, wlth high ra1nfa11 in Dec-

leemher and February, water tables rose to the levels achleved

B during'the:brevieus summer. Following the peak in March (day
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Flgure 6 8 Water table hydrograph at borehole c2 (1988 1989)
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.;2360); the levels receded, at first quickly and then more
‘ slowly as consumptive use declined during winter. This rec—

‘ession is similar to that experienced in the 1988 dry season.

'-Dlrect comparlson of borehole 31tes 1ecated under different
hsurface covers show similar hydrograph shapes. Figure 6.10
1llustrates the hydrographs recorded for the swamp {(C2), the
'natural grasslands (B3) and the young pine plantation (FB)

Though recharge and rece551on perlods are reflected in all
':env1ronments, there . are 51gn1flcant differences in the
| magnltude of these fluctuatlons The recession rates recorded
- under the grasslands and under the plantation are similar for
'.ithe Eirst 80 days as water is used by the vegetation and as
-llt drains to the lower lying areas. This drainage serves to
_tharntaln swamp levels which thus show a slower recession

"rate than the grasslands and the plantatlon.

DEPTH (m)

~_ DAYS FROM 14/3/88

" Figure 6.10 Water table hydrographs for different vegetated
env1ronments (1988-1989) -
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. The grassland and swamp areas show similar responses to dry
- season - ralnfall these responSes are reflected by raised
{water levels. Wlth1n the plantatlon, however, dry season

-ralnfall has a dlmlnlshed effect No increase in water level

';results but there is a retardatlon of the recession rate.

This response 'is possibly due to a combination of the
.llncreased 1ntercept10n loss in forested areas, and the higher
dry season consumptlve use of the trees. The net effect is
.that —In -non—forested -areas, . water ‘table elevations are
*'naintalned':hg_.rainfall- whereas':in'.forested. areas the
recession continues unabated wlth the consequential depletion

of,gronndwaterdstorage.

Wlth the onset of greater ralnfall in the sprlng of 1988, the
::relatlvely drler forested areas are not recharged to the same -
extent as are the grasslands. The response to rainfall in the
-hforested'areas 1s dlmlnlshed, ‘with more water requlred to
'.recharge-the deeper:and-drier unsaturated eone. In addition'
"the:earlfhseason_growth demands of the fast growing trees

'apbear'to use the available moisture more rapidly.

- The recovery of water levels in March in response to high

'.snnmer-rainfali”is experienced under all environments. Yet
_whlle the swamp levels reach those of the previous season, -
under the grasslands the recovery is to 70% of the prev1ous
year s level and under the forests the recovery is only to
.[ 57%._ ThlS glves added we1ght to the observatlons outlined in
the prev1ous sectlon that it is only the occasional extreme

ll-ralnfall events that completely recharge the aqu1fer over its
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'.entirefextent. "The rate at which the aquifer .is recharged in
'respoﬁse to this-input also differs, with the forested areas
| recharging at a slower rate than the other environments. The
' rlse to peak in the forested areas is achleved some 15 days
;.after that in the non—forested areas.
.'HYdrograoh recessions for the 1989 dry season show the same
_charaCteristiés”as those for 1988. These similar recession
'rates-indicate that there has been no significant change-in'
'i:the? factors that control water table fluctuations between

these two consecutive years.

.”i_The hYdrographs.can be.divided into three seasonal periods:.a
ointer_recession, the rate of which is controlled by the type
tt of.environment;.a.spring equilibrium period in which recharge
'ﬁteguals'diSCharge'giving:relatively static water levels; and

.1a summer recharge period in ‘which all environments experience

~a rise in water levels. Since the forested areas have been
depleted more_than the non-forested areas in the dry season,
?énd"Sincel their -soil storage' deficit is greater, greater
. volumes of _recharge: to the deeper unsaturated zone are
-possibie;.- Io; the non-forested areas, however, since the
ﬁ capacitftfor recharge is iowerg and since the water table is
closeratotthe"ground surface, more water is lost to surface
:.;runoff ‘and to open water evaporation. The absolute recharge

: to forested areas is therefore greater than that: to non-

'forested areas. 'In'years of average rainfall, however; the

"_‘net losses (recharge' minus evapotrans-piration) from the

”'forests are ”greaterf'than those from the grasslands. This
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~leads _f:o'-a' p'rogi:essive reduction in the groundwater storége :
:in____foreste_d areas; a deficit only redressed by the large
inputs from extreme events such as those that occurred in

11976 and 1984.

.-.Quaﬁti_fying.'the r.ecorde'd hydrdgraphs (Figure 6.10) in tenﬁs
-ef : wai_ier_ table-- response gives a figure for the additional
loés "und-er_-the forests equivalent to an additional dry season
watei'._ _ievel _fal.l of approximately 0.40 m. The adaitional fall
dur:.ng the Vw:et season is 0.10 m. This total.additional fall
rof' 0.50 m, when aecount is .made of the specific yiel'd of f:he'
aquifer.' .(35%)'. ie _equivalen{: to a greater annual forest
.e.vapOt::'r:ans:.;iration' ios's of 175 mm,  This .figure confirms

‘those determined in section 6.3 (100-to 170 mm).

- The. .hydrbg-raph 'va_riétions between the mature (27 fear bld)
:.. K dhd 'foung_(B yeer oid) plantations presented iﬁ-Figure 6.11.

_.do'_: not reveal a 'eignificant " difference between the two

_fofests; Both' planta{:ions experience identical water table _
'._v_fluct':uat;lon's, , s_u.g'gesting sim_ilar behaviour, though it is.
'."..iaossible thet' the combined: effects of greater interception
loss and lower coneumptive use by mature- trees are equivalent
| to the combxnat:.on of lower 1ntercept10n loss and greater
”consumpt:.ve use. by young trees. To assess whether this is l:he

case, -_hydrographs from the middle of the plantations and from

- _:just= 'outside ‘the .plantations were evaluated. For the young

-plantatlon the hydrographs are almost identical (Figure

—6;12a), 1ndlcat1ng that the influence of afforestation on

-groundwater extends at least 40m beyond the forest perimeter.
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'_Figﬁfé' 6.11 Water table hydrographs in mature and young
- ' plantations (1988-1989)

_Thé__hfdrograﬁhs inside. and outside the mature plantation
(figufe 6.125)' display aifferent _ responses howéver. The
hydrograph within the mature plantation is similar to that
:ifor th¢ Youngfp1ahtati0n but - 30 metres outside the mature
-'”fpiaﬁtatidn the recession'raﬁe is slower and the response to
;iainfall His greater. This pattern possibl} reflects the
.efféct'éf'a lowér interception loss in grassland areas. This
: f wou1d}mean ﬁhat,the effect of interception loss increases
' with{§lantation agé as;leaf surface area increases, whereas
' £hé'effect$'6f cdnsumpﬁive use:decrease with age as the tree
:”f Q?owth-rates decline. The gross water ﬁse comprising both
ix;fiéfcéption 'ioss “and evapotranspiration within  the 'pl_ant—

ation, however remains the same as the plantation matures.
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Flgure 6 12 Water table. hydrographs within and on the edge of
(a) the young plantation and (b) the mature

‘plantation
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CHAPTER 7
DISCUSSION AND CONCLUSIONS

'.‘I.'.he_._ principal aifns of ﬁhis_ - study .were. to evaluate the
,i:hydfblogigal response of the shallow groundwater body both to
'ﬁatural.ehvironmental-flucﬁuations and to human induced land
: ﬁse modificatidns. This evaluation was facilitated greatly by
thé_répreséhtativeness of the study area over the 17 year
period of record, since in addition to the wet and dry
-e_ﬁctreme. conditions it included, 'a major change in land use.
‘occurred in. 1981 with ‘the establishment of a 1100  ha
| _plé_mtatioh of Pinus_ Eiliottii. The methodology of thé study
linV(;]..ve.'d." _compariﬁg gxi-oundwater behaviour both over time and

" under different vegetation cover.

 ,The:dloseffelétionsﬁip.between shallow subsurface water ana
-t_he 'surf.ac'e pro'césses _in this"'environ_ment was evident from
.:thé .tapid-,response of the groundwater body to climatic
-i variati6n. ;_Froﬁ the distinctly = seasonal water 1level
ThYdrographs-recorded at all locations, it appears that the
,*volume -of groundwater storage is dlrectly related to the
.rseasonal dlstrlbutlon of rainfall. Super-lmposed upon this
'seasonal pattern ~are water level variations of greater
rj_magnltude whzch correspond well to perlods of above and below
',average rainfall. The magnltude of the groundwater response,
howevet,k_ﬁaries ,under--different'.vegetation types. . Thus
: compérisdn§.'cou1d be _made' between -vegetatibn type and

.groundwater response 1n order to determlne the effects of



111

| land use change on the hydrological regime.

'Rainféllfvolume_ahd variabilify appear'to be_the dominant
A._conticliing influence on'the'geohydrological regime. as is
f §viaenced5 by the similarity of measured water table

fhydrogra§h57 underﬁ allrrgnvironments. ‘Though intermittent

_ éxtiemg.'réinfall events are capable of redressing any
imbalance.céuéed by other factors, between these events the
.éf?ectS :6f differential _consumptive uég by different

vegetation covers become more significant.

i._From-an_aﬁalysis of groundwater hydrograbhglunder different
fypeSLOf Vegetation; the'effects of land use on the local
"'hydfplogy could be quantified. 'Increased_ water loss under
: fofésfed édnditions, as feflectedrby faster recession‘rates
than-uﬁder gfassland areas, was calculated'to‘be equivalent
to a'depth of'between_150 and 175 mm/year, This incréase can
3.'bé_ attributed “to thé ‘higher rates of transpiration and
rainfall ihtérceﬁtion associated with the trees. It appéars
,-thag'_the afeal_ extént of this effect is limited to the
:iﬁﬁédiaté vicinity of the forest. Assuming this value to be
 representative of all the forested a;éas in the eastern
.Shqtés.(5000_ha),-the toﬁal increase in water loss that can
.be:atgributed to the_trees during average climatic conditions

amounts to between 7.50 and 8.75 x 10 m3/year.

The mean'aﬁnual inflow under unaltered conditions to Lake St
'tucia ‘was estimated by Hutchison and Pitman (1973) as

.. 364 x 10° m3. The reduction in water availability from the



112

. eaSt§£n:$hores-Ehus'amounts to between 2% and'2.6$ of the
‘total. The Zzululand plain contains a further 20 000 ha under
‘commercial -plantations which -are likely to have a résponse

'_Sihilaf=to thét of the eastern shores. The estimated total
:inflow:reduction from all fofésted_areaé is therefofe likely

: Eo'ﬁe'bétﬁeen'37 and 43 x 1Oé.m3 (10% to 12% of the unaltered

. condition).

'Reductibﬁs to the éﬁerage inflow to-the lake as a result of
3_éatchmégt'modifications eicluding forestry were estimated by
VIHutchison and Pitman (1973) to amocunt to 53 x 10% > (14.6%).
'fIt: therefore appears” that the combined éffects of all
'_ICatchmént modificaﬁions total about 80 x 10° m® or 22% of the

_ average inflow.

.Since:the Shalldﬁ groundﬁater is.readilf available for.the
'cbnéumptioh,'of_ trees, they are probably transpiring in
.—"évefage'zclimatic periocds at their maximum rate. During
“extrehe'__wet. 'periods water loss is unlikely to be
 significantly different thus the reduction of inflow to the
- lake wlll form a lower percentage of the total. During dry
,”perlods however, ‘the trees are llkely to continue using water
 "at only slightly reduced rates and consequently the low.
;infiow of 100 xﬂ105'm3 esfimatéd for an extreme dry period by
.Hutchison and Pltman (1973) is 11ke1y to be reduced by some

-30%-

';Although they are greatest during dry climatic cycles, the

effects of such a reductlon are at all tlmes 51gn1f1cant. In
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‘the first place, the water balance of the lake is seriously
nffected. In.the second, with a reduction in its fresh water
'inpnt;' the Salinity balance of the 1lake cannot but be
:iinfluenced;'In.the.third,tchanjes in this selinity balence
-.w111 have a dlrect 1mpact on the. flo:a and fauna of the lake -
.and 1ts env1rons. It 1s to be - hoped that the situation will
lilmprovef3follow1ng the_ proposed future removal - of the

ﬂplantations_from'the eastern-shores_(Lubke, 1990). However, .-

o the'-remaining' 20 000 ha under - commercial"forestry on the

.western shores will continue to have a 51gn1flcant effect

f_upon the hydrology of Lake St Lucia.

”Further hydrologlcal monltorlng and analysis in this area is
.;envxsaged to clarlfy these flndlngs._ Spec1f1c attentlon w111
 be’ pald to assess:.ng the hydrologlcal response once clear-
) felllng comnences in 1992; to defining effective ra1nfa11 to
lpartlt;onlng raznfall between 1ntercept10n loss, unsaturated
zone techarge; and groundwater recharge' and. by means of
.mathenatioelu_51mu1at10ns, to _modelllng the complete water
| balenoei;of_ the - eastern- shores plain under existing and

':p:oposed future land uses.’
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APPENDIX A

-1MouTHLx' 'RAINFALL - RECORDS (1924 - 1990) FOR FANIES ISLAND
'7_'(0339756),_ ST LUCIA ESTUARY (0339856) AND THE vz STATION

- (SYNTHESISED)

'_ ‘I'he 'records eontained for Fanies Islarld and St Lueia Estuary
.were obta:l.ned from the Computer Centre for Water Research of
't.:hei Unlvers:.ty - of Natal. Recoxrds prior to 1951 were
: art1f1c1a11y generated though 1t is not knoﬁn by whom or- by=
’ what _jmeans.: The - synthetic record for the UZ statlon was
a _;i:eriireri'frore the oth.er two stations by.means- of the technique

described in Chapter 4.
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"FEB.  MAR APR  MAY JUN QUL AUG SEP  OCT  NOV  DEC | ANwAL |

1924] 83.6 - 142.2 152.7 40.4 35.7 22.4 18.8 27.6 151.4 353 103.5 95.9 | 909.5 |
1925 | 102.1 269.6 0.0 75.7 ‘427 B.8 29.2 6.1 60.6 90.8 55.7. 40.1| 781.4 |
1926 | 28.2 335 109.0 33,9 21.5 1.6 21.0 2.3 42.7 5.4 69.5 64.7| 489.3 |
1927 | 71.6 64.5 119.4 28.8 47.3 18.8 172.1 1.5 3.9 90.0 63.5 80.1| 640.5 |
1928 | 104.6. 63.7 72.6 46.0 80.8 32.1 20.2 46.7 88.9 47.9 62.5 145.0| @0 |
1929 | 68,7 59.3 229.1 57.4 - 31.1 . 53.5 39.6 49.7 1330 51.5 58.7 41.5]| 873.% |
1930 | 399.3 .73.6 28.3 69.5 J8.5 28.2 33.2 44.0 = 5.1 23.8 107.2 40.6 | 1127.3 |
1931| N1 477 825 483 17.6 21.9 621 2.6 9.9 33.3 114.0 107.5 | 581.5{
1932 | 36.9 206.0 9.9 255.2 117.1 36.2 0.0 172.3 168 39.5 114.0 109.8 | 1045.7 |
1933 | 141.8 151.0 69.9 37.8 15.4 456 0.8 331 20.7 50.5 82.9 90.1] 739.6 |
1934 | 160.0 B4.7 101.4 104.1 77.0 46.3 61.5 49.1 6.2 .6 86.2 129.4| 938.5]
1935 | 56.4 39.6. 63.7 42.7 441 70.4 3.9 68.4 59 36.8 264 30.8] 509.1]
1936 | 166.5 119.0 161.9 83.6 92.2 76.4 444 .27.2 64.5 87,1 280.8 36.8 | 1240.4 |
1937 | 283.6 194.9 135.1 121.1 20.9 72.3 .43.4 521 40.9 M.3  75.7 2721 | 146.4 |
1938 | 71.6 79.8 94.0 ' 38.0 24.3 353 1558 73.1 10.9 658 15.% 190 9 | 8s5.4 |
193¢} S7.9 270.4 140.2 '24.2 88.3 35.0 12.1 26.6 105.0 22.1 235.4 1| 1020.3 |
1940j 102.7 22.6 296.6 40.2 116.9 61.1 1.9 - 2.6 9.9 51.3 202.2 116 2 | 1024.2 |
e : . ' | |

1941 % 71.6 13.8 98.0 43.5. 0.9 10.0 6.7 135 38.2 231 452 9.9 | 4614 |
1942 | 323.8 65.7 154.9 82.6 154.2 ' 0.0 0.0 34.2 70.4 49.3 166.6 155.9 | 1257.6 |
1943 } 27.0 190.2 458.3 1%4.3 33.0 31.0 16.4 '59.6 13.8 64.8 117.3 120.3 | 1426.0 |
1944°] 47.2 146.8 91.5 39.6 3.5 1449 31.2 757 1.4 625 s54.2 87.5| 836.0 |
1945 | 99.5 133.2 205.0 50.7 72.4° 16.9 0.0 152 65 7.9 1.2 51.8| 724.3 |
1946 | 250.7 79.6 182.2 48.9 141 5.6 0.0 8.6 322 38.6 389 76.5| 7759 |
1947 | 56.6 108.9 123.3  63.6 38.1 60.0 3.7 4.7 68.1 465 90.9 104.2| 797.6 |
1948 | 40.2 138.7 234.4 8.5 9.1 0.0 00 2.9 69.2 59.5 102.0 37.8| 752.3 |
1949 | 255.1 134.5 51.7 301.1 344 341 2.2 7.6 955 45.9 94.0 152.5 ] 1208.6 |
1950 | 133.3 1121 57.6 841 59.0 9.9 3.6 149 0.0 49.0 12.3 154.8] 690.6 |
S = | |

1951 { 55,2 37.8 55.7 154.2 22.7 17.5 10.9 17.4 43.4 106.1 = 4.6 75.5| 705.0 |
1952 | 127.0 83.3 N19.1 60.7 72.3 33.8 123.4 7.1 2.8 33.3 139.9 184.1 | 986.8 |
1953 | 25.3 66.2 105.3 103.4 58.6 8.6 965 17.4 237.5 124.0 135.9 48.6 | 1023.3 |
1954 | 15.2 90.6 36.5 200.7 102.8 33.6 14.0 55.9 96.5 166.7 66.8 88.1 | 967.4 |
1955 | 235.5 83.6 268.6 46.9 39.5 13.6 0.0 0.0 225 63.9 116.0 26.0| 96.7 |
1956 | 0.0 138.7 140.2  46.6 3.2 37.7 0.0 41.0 6.5 8.0 250 195.8 | 809.7 |
1957 | 138.5 84.4 96.6 192.8 5.5 30.0 55.0 30.5 163.5 171.5 38.1 46.5 | 1052.9 |
1958 ] 355.0 143.8 - 8.5 89.8 6.0 56.5 20.1 11.0 B86.5 B81.5 46.5 115.0 | 1024.2 |
1959 { 103.0 18.3 40.8 17.2 62.0 0.0 13.5 62.0 440 9.5 79.0 43.0] 584.3|
1960 | - 7.6 108.0 167.0 132.0° 40.5 4.4 0.5 238.5 67.0 #1.2 187.2 370.1 { 1165.0 |
1961 E 184.7 '51.8 84.9 131.0 37.8 154.0 13.5 26.7 61.0 108.0 84.0 43.0 | 940.4 |
1962 | 75.5 9.0 120.5 95.5 2.7 0.0 &5 9.5 40 69.5 23.5 86.7 | 791.9 |
1963 | 64.5 126.5 '96.5 36.5 12.4 117.0 310.0 7.0 0.0 1455 44.0 178.0 | 1137.9 |
194 | 199.5 60.0 355 193.0: 37.9 8.5 125 14.0 10.0 162.5 42.0 MN.0| 816.4 |
1965 | 36.5 44.0 8.2 46.5 41.0 29.2 15.0 168.5 54.5 M2.5 57.0 3.0 | 7.9 |
1966 [ 210.5 100.5 ~ 12.0 ~45.0 155 17.5 5.0 48.0 250 285 56.0 62.9| €28.4 |
1967 | 85.0 133.0 65.0 103.0 27.5 12.0 48.5 4.5 747 837 685 28.5 | 733.9 |
198 | 34.2 111.5 67.0 41.0 3.5 40.0° 14.5 59.3 39.0 66.8 8.0 40.0| 632.8 |
199 | .25.0 58.5 491.6 103.0 52.3 4.5 36.0 3.5 369 1652 25.0 77.5| 1089.0 |
1970| 37.7 - 61.5 43.0 19.8 82.0 36.0 4.5 20.0 455 120.5 92.0 46.0| 608.5 |

+
+
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|339756] -aan . FEB

MAR  APR  MAY . JUN  JUL  AUG  SEP  OCT  NOV - DEC | ANNUAL |
1971 | 122.5° 139.5 180.2 49.9 125.5 1.0 67.0 0.7 66.1 96.5 56.1 219.6 | 1139.6 |
1972 | 149.3 409.0 M.6 28,0 1455 17.5 3.3 0.5 13.0 19.6 50.0 80.0 | 1126.3}
1973 | €4.0 115.0 42,5 90.0 33.5 6.0 1.1 202.0 2185 31.5 151.5 116.0 | 1081.6 }
1974 | 134.0 - 107.5 102.0 62.6 100.5 46.5 18.0 12,5 10.5  32.5 217.5 147.5 | 991.6 |
1975 | 136.0 279.4 108.0° 69.2 13.5 32.5 8.5 155 190.0 51.5 67.5 206.0 | 1177.6 |
1976 | 500.8 58.8 260.5 139.5. 46,5 1.0 95.0 30.8 7.0 144.0 72.5 55.0 | 1450.6 |
1977 | 172.0 437.5 229.5 25.5 7.5 7.0 4.0 s52.0 109.5 36.5 56.0 130.5] 1267.5 |
1978 | 172.0 30.0 63.5 83.5 11.0 48.2 134.0 .5 36.0 15.5 109.5 43.0] 922.7 |
1979 | 43.0° 5.0° 3.5 70.0 -79.5 17.5 9.0 37.0 59.5 32.0 40.0 79.¢ | 503.0 }
1980 [.'46.5 151.5° 20.5 79.0 43.5 2.5 16.0 11.5 1255 125 62.9 80.0| 651.9 |
1981 | 145.0 105.5 74.5 15.0 190.5 65.0 5.5 338.5 130.5 38.0 108.0 16.0 I 932.0 =
1982 | - 46.0° 46.0 87.5 107.5 60.0 34.0 8.5 2.9 6.2 853 72.0 39.0| 59.9 |
1983 | 80.0. 44,2 43.2 42.0 350 -28.0 107.7 85.0 12.5 63.5 211.0 120.0 | 871.5 |
1984 | 488.0 149.5 179.0 107.0 43.0 114.5 152.9 77.0 19.7 30.5 £4.3 28.0 | 1473.4 |
1985 | 245.1 252.2 16.3 53.8 335 1380 ------- MISSING DATA - - - - - - ~ | |
1386 | 35.5 72.3 61.2 66.7 2.0 43.2 0.0 1.6 342 62.7 44.1 12| 584.7 |
1987 | 216.2 - 15.5 200.1 38.5° 7.0 161.0 42.5 195.0 253.4 88.4 39.3 123.0 | 1379.9 |
1988 | 103.5 288.9- 155.5 81.0 24.5 56.6 8.0 B.7 44.6 1656 35.5 156.2 [ 1128.6 |
1989 | 34.5 36.5 52.5 36.5 40.5 41.1 0.0 4.0 543 69.4 312.0 70.0 | 1041.6 |
1950 | 118.0 104.5 139.5 o o E |
MEAN [124.0 116.8 122.6 79.1 47.5 38.2 353 36.1 597 7.0 91.3 96.6 | 915.0 |
|MeDIAN} 92.3° 94.3 9.8 62.6 37.9 30.0 4.8 26.6 41.8 555 74.1 B2.1 | B91.3 |

3
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7|339856] JAN  FEB  MAR - APR . MAY JN  JUL AU - SEP OCT  NOV  DEC | ANNUAL |
1924 | 109.4 178.3 8.2 53.8 B88.9 46.7 49.5 55.6 160.2 - 731 134.3 120.2 | 1158.2 |
1925 | 133.0 349.0 0.0 109.7 180.1 26.1 58.6 0.4 116.8 100.2 72.9 49.7 | 119.5 ]
1926 | . 38.6 65.8 251.2 43.4 61.7 30.3 5.4 13,9 73.9 9.7 90.6 .80.8 | 893.3 ]
1927 | 94.1 96.7 4.5 353 80.5 42.4 721 285 5.4 61.4 829 100.2]| 7.0 |
1928 | 136.1 117.8 114.3 62.6 108.5 62.1 41.4 30.1 47.3 '70.1 B1.7 187.4 | 1055.4 |
1529 | 90.4 - 68.8 353.9 80.7 77.4 951 53.8 108.7 142.1 7¥5.1 76.7 48.2 | 1270.9 |
1930 | 512.4 ' 95.2 149.1 99.9 73.6 95.0 62.8 Bl.1 281 36.4 139.0 46.9 | 1419.5 |
AT ‘- | o
1931 ] #6.1 123.1.180.2 66.3 54.7 78.5 B89.1 13.9 323 49.6 147.8 137.1 | 1018.7 |
1932 | 49.8 325.9 222.6 623.3 169.9 - 66.1 24.9 37.8 38.2 58.3 147.8 140.0 | 19046[
1933 } 183.6 170.5 44.4 50.4 55.7 30.7 33.3 63.3 4.5 73.6 107.9 113.6 | 968.5 |
1934 | 207.0 220.5. 90.0 159.1 77.6 155.6 88.6 89.4 29.1 48.6 112.1 166.5 18881 |
1935 | 74.6 53.1 115.7 58.5.131.9 119.3 36.1 120.8 28.8 54,5  35.3  33.8| 862.4 |
1936 | 215.2 178.3 124.4 125.5 178.4 128.4 73.0 53.9 79.0 124.9 361.9 41.9 ] 1684.8 |
1937 | 364.7 168.5 169.5 186.9 39.1 122.2 72,3 94,2 58.8 5.0 98.6 358.4 | 1784.0 |
1938 | '94.1 143.6 61.0 50.7 641 66.0 174.5 128.3 331 950 21.9 209.2 | 11815 |
1939 | 76.5 232.2 260.7 28.0 164.6 65.6 43.5 52.9 113.7 34.0 303.6 0.0 | 1375.3 |
1930 | 133.8  40.8 429.7 54.4 247.6 105.2 34.2 13.9 32.3 747 261.0 148.7 | 1576.3 |
1941 ; 941 64.3 89.6 59.7 66.0 27.6 38.6 31.6 56.5 47.9 "59.5 116.0 | 751 4{
1942 | 476.0 66.5 231.5 123.8 105.3 9.4 24.9 65.2 - 841 72.0 215.3 202.1 | 1616.1 |
1943 | 37.1 163.4 614.8 307.0 81.3 59.6 138.6 106.4 356 93.6 152.0 154.2 | 1943.6 |
1944 | 62.8 199.9 129.7 53.3 54.1 232.3 6.0 352 118.2 90.4 71.0 110.0 | 1219.0 |
1945 [ 129.6 224.8° 379.5 71.5 72.6 33.2 25.7 3.4 29.4 W6 3.0 62.0| Mm743 |
1946 | 322.8 * 70.3 173.0 68.6 58.3 21.0 249 23.6 514 5.1 5.3 953 ] I017.6 |
1947 | 74.9 204.9 245.9 0 92.8 63.6 103.6 61.4 17.4 827 63.1 118.1 132.6 | 1265.4 |
1948 | 53.9 129.8 161.5 84.3 56.8 12.3 29.1 14.3 8371 86.2 132.3 43.2 | 886.8 |
1949 | 328.4 142.7 100.2 482.2 66.6 64.2 34.6 22.0 105.6 67.2 122.1 197.5 | 1733.3 |
1950 | 172.9 123.3 152.9 126.4 7.1 27.5 35.8 33.9 221 7.5 17.2 200.6 | 1055.2 |
1951% 73.1 391 97.0 123.2 59.2 39.4 441 1523 S54.9 144 7.2 aa.4= 892.3 |
1952 | 125.2  54.8 40.6 ~ 81.8 69.4 74.8 MB.7 7.5 27.4  59.6 251.0 288.4 | 1235.2 |
1953 | 34.9 621 109.8 39.8 67.0 19.7 §6.5 37.9 109.3 739 1.6 5.7 | 790.2 |
195¢ | 22.1 225.6 - 91.0 126.9 140.6 63.5 29.2 57.7 78.7 2361 87.2 46.8 | 1205.4 |
1955 | 280.3 95.8 325.7 B1.1 68.3 28.9 24.9 367 61.0 1059 151.2 68.2 | 1328.0 |
1956 | 9.4 239.8 273.0 64.8 97.6 69.8 26.4 124.7 88.6 173.5 72.9 375.0 | 1615.5 ]
1957 | 158.9 2Nn.2 154.5 329.7 66.1 9.4 90.2 100.3 189.3 267.7 - 26.1 0.0 | 1663.4 |
1958 | 421.8 184.2 25.1 129.3 59.4 . 8L.3 46.3 40,1 - 95.7 151.0 39.9 200.4 | 1478.7 |
1959 | 150.1 5.1  72.7 - 35.2 109.0 9.4 49.4 86.3 61.8 158.3 103.5 74.8 | 967.6 |
190 | 26.8 - 92.6 180.7 338.3 53.6 17.8 31.5 19.5 725 53.8 176.2 314.9 | 1388.2 |

. o | - - |
1961 {242.3 72.6  68.7 149.2 28.1 194.1 90.4 75.5 75.0 115.0 66.7 847 | IZSG.S%
1962 | -86.5 38.7 260.9 163.1. 3.2 4.0 S3.5 140.1 18.2 117.2 196.8 134.0 | 1252.2 |
1963 | 76.6 217.4 1827 100.0 45.5 207.1 264.0 16.4 0.5 1823 59.2 211.7 | 1563.4 |
194 | 127.0 92.3 78.9 278.3 2.5 23.3 59.5 20.8 21.9 216.0 8.5 74.5]| 1097.5 |
1965 | 97.1 112.5 98.6 106.3 69.8 19.5 19.6 319.5 10.3 150.0 79.5 39.8 ] 1322.5 |
1966 | 349.5 168.5 43.0 84.4 14.5 47.5 242 954 8.5 548 107.2 68.5] 1140.0 |
1967 | 86.0 194.4 114.0 255.6 94.2 47.0 100.0 14.0 68.5 1553 52.7 36.5| 1218.2 |
1968 | 108.3 137.4 102.3 5.1 68.0 B840 20.0 89.2 52.0 S5 126.8 37.2| 944.8 |
1969 | 63.0  75.7 553.6 241.3 86.8 42.0 750 7.5 152.2 1625 60.0 '76.3 { 1595.9 |
| 225 431 64.7 26.5 214.6 623 W5 2.1 79.3 219.5 142.7° 52.5] 964.3 |

+
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[|33s8s6| uaN  FEB  MAR  APR  MAY . JUN QUL AUG SEP  OCT NOV  DEC | AnwAL |

.} 1971°] 187.0 . 195.3 240.5 61.8 357.0 72.0 129.8 3.8 119.4 127.2 138.7 215.0 { 1848.5 |
o] 1972 | 200.5 503.5° 116.7 1N.5 222.2 34.5 74.0 24,0 7.5 450 96.7 74.0 | 1530.1 |
1973 | ¢8.5 179.5 82.3 172.0 %4.5 0.5 26.8 322.4 188.5 38.0 245.0 115.7 | 1563.7 |
1974 |-137.5 257.0 227.5 110.3 177.0 84.5 38.8 100.5. 52.5 49.5 289.0 133.0 | 1657.1 |
1975 | 219.1 213.7 16.1 148.8 38.8 70.5 47.0 951 103.9 66.4 92.1 329.2 | 1580.7 |
1976 | 570.0 145.5 414.0 158.4 '184.9 18.0 124.4 91.0 26.0 214.7 36.0 76.8 ) 2059.7 |
1977 | 174.0 285.5 410.0  16.0 35.0 24.0 57.0 104.5 161.0 45.0 60.0 196.0 | 1568.0 |
1978 | 226.0 14.0 -230.0 105.7  63.5 100.4 206.0 43.5 44.2 248.2 115.2 0.0 | 139%.7 |
1979 | 89.8 60.2 51.0 58.2 221.0 36.5 67.5 58.5 93.4 79.3 23.5 153.0 | 991.9 }
1980 | 140.7  76.9 27.8 79.9 58.4 18.2 5.5 14,1 140.3 11.1 124.4 64.3 | 807.6 }
1981} 75.9 35.0 B83.5 04.8 176.1 82.4 55 §7.0 159.3 74.5 220.8 23.7 : 102.5 |
1982 | 50.5 28.6 226.5 110.0 82.8 20.7 48.0 13.3 20.0 121.2 90.5 25.3 | 837.4 |
1983 | 109.2 102.9 82.0 33.0 50.9 86.0 108.7 121.0 16.0 152,7 265.2 275.0 | 1402.6 |
1984 | 610.0 -324.6 185.3 99.4 69.4 175.9 174.7 214.5 37.0 72.5 139.6 49.5 | 2152.4 |
1985 | 242.5 305.6 114.2  52.2 99.1 11545 113.5 28.1 150.8 281.2 47.6 - 34,5 | 1624.2 |
1986 [-131.5 114.4 72.4 150.1 45.2 S8.5 22.5 7.9 53.7 69.3 66.1 162.1 | 953.7 |
1987 | 135.9 87.0 238.9 109.0 17.1 131.4 350 196.6 359.2 143.5 85.0 145.4 | 1685.0 |
1968 | 77.0 246.1 164.2 110.2 33,4 1147 4.0 18.1 37.4 216.0 48.6 295.7 | 1375.4 |
1989 | 62.0 307.9 "26.5 ‘54.3. 84.4 92.4. 65.0 10.9 100.5 97.5 234.9 115.7 | 1251.4 |
} 1990 | 177.4 138.1 122.0 137.7 oo - - - | |
J MEAN | 157.1 151.0 165.9 121.8 92.9 69.0 64.1 66.3 78.1 104,7 115.7 123.5 ] 1310.5 |
|[MEDIAN| 125.2 126.6 116.7 94.8 69.8 62.1 51.4 48.2 61.8 74.7 98.6 95.3 ] 1258.8 |
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UZ: ] JmN- U FEB. MAR AR MAY JUIN QUL AG SEP  OCT MOV DEC | ANMUAL |
1924 | 102.4 168.5 105.8  50.1  74.4 40.1. 41.1 48.0 157.8 62.8 125.9 113.6 | 1090.4 |
1925 | 124.6° 327.3 - 0.0 100.4 142.6 21.4 S0.6 2.0 101.5 97,6 68.2° 47.1 | 1083.3 |
1926 |- 35.8- 57.0 212.4 40.8° 50.7 25.2 43.1. 10.7 65.4 80.7 84.8 76.4 | 783.1 |
1927 | 88.0° B7.9 358 33.5 71.4 36.0 5.1 21.1 521 69.2. 77.6 94.7.| 724.5 |
1928 | 127.5 103.0 102.9  58.1 100.9 53.9 356 34.6 8.6 64.0. 76.5 175.8 | 991.7 |
1929'] 84.5 -66.2° 319.9 74.3 -64.8 B83.8  49.9 92.6 139.6 68.7 71.8 ‘46.4 | 162.4 |.
1930 | 481.6 89.3 186.6  91.6 58.6 76.8 547 71.0 21.8 33.0 130.3 '45.2 | 1333.8 |
1931 ] 42.8 102.5 153.6 61.4 44.6 63.1 B1.7 10.8 26.2 45.2 138.6 129.0 | 899.5 |
1932 | 46.3 293.2 188,3 522.9 '155.5 57.9° 18.1 32,2 32.4 353.2 138.6- 131.8 | 1670.4 |
1933 | 172.2. 165.2 51.4 47.0 44.7 34.8 24.4 55.1 35.8 67.3 101.1 107.2 | 906.1 |
1934 | 194.2 183.5 93.1 144.1 77.4 125.8 B1.2 78.4° 22.9 . 44.2 105.0 156.4 | 1306.2 |
1935 | 69.6 . 49.4 107.0 54,2 108.0 106.0° 27.3 106.5 22.6 49.7 32.9. 33.0| 766.0 |
1936 | 201.9- 162.1 134.6 114.1 154.9 114.2 652 46.6 75.0 114.6 339.8 40.5 | 1563.6 |
1937 | 362.6 175.7 160.1 169.0 34.1  108.6 64.3 82.7 53.9 46.4 92.4 334.9 | 1664.7 |
1938 | £8.0. 126.2° 70.0 - 47.2 53.2 57.6 169.4 113.2 27.0 87.0 20.3 233.3 | 1092.6 |
1939 | 71.4 242.6 227.8 27.0 143.8. 57.3 34.9 45.7 111.3 30.8 285.0 0.8 ] 1278.5 |
1940 | 125.3 - 35.8° 393.4° 50.5 212.0 93.2° 25.4 10.8 26.2 €8.3 245.0 139.8 | 1425.7 |
1941 I 88.0  50.5 90.8B 55.3 48.2 22.8 29.9 26.7 51.5. 43.6 55.6 109.4 | 6723|
1942 | 390.9 66.3 210.6 112.6 118.6 6.8 18,1 56,7 B0.4 658 202.0 189.5 | 1518.3 |
1943 | 34.3 170.7 572.1 276.3 . 68.1. 51.8 1.5 93.6 . 29.7 85.7 142.5 145.0 | 1802.4 |
1944 ] 58.6 185.4- 119.3. 49.6 40.3 208.5 529 29.9 117.1  82.8 66.4: 103.9°| 1M4.5 |
1945 | 121.4 199.8 331.9 65.8 72.5 32.4 18.7 29.2 23.2 950 . 2.5 59.2 | 1051.6 |
1946 | 303.1 72.8 175.5 63.2 46.2 16.8 18.1 195 46.2 521 47.9 90.2 | 951.7 |
1947 | 69.9 178.7.212.7 84.8 56.6 91.7 53.3 13.9 78.3  62.2 110.7 124.9 | 1137.8 |
1948 | 50.2 132.2 181.4 . 77.3 43.8 8.9 2.2 11.2 79.3 78.9 128.0 417 850.1 |
194 | 308.4 140.5 87.0 432.8 57.8 6.0 25.8 18.1 102.8 ' 61.4 114.4 185.2 | 1590.2 |
1950 | 162.1 120.2 126.9 W14.9 67.8 22.7 272.0 28.7 16.7 65.4 15.% 183.1 | 955.8 |
'1951} 68.2 38.7 8.8 131.7 49.2 33.4 . 35.0 142.8 51.8 112.1 6.5 84.9 ] 841.2 |
1952 | 125.7 62.6 62.0 76.0 70.2 63.6 141.8 14,7 20.7 52.4 220.7 260.0 | 1170.4 |
1953 | 32.3  63.2 108.6 57.1 63.6 16.7 747 32.3 1443 87.6 118.2 55.2| 853.8 |
1954 | 20.2 188.8 - 76.1 147.0 130.3 55.3 25.1 57.2 83.6 217.2 81.6 58.1 | 1140.5 |
1955 | 268.1 92.5 310.1 71.8 60.4 24.7 8.1 26.7 50.5 94.4 1.6 56.7 | 1215.7 |
1956 | 6.8 2122 23.8 59.8 80.9 '61.0 19.2 101.9 B2 149.9 59.8 326.7 | 1395.7 |
1957 | 153.3 220.3 138,7 . 292.4 49.6 15.0 B80.6 81.3 182.3 2M.5 29.4 12.7 | 14%.9 |
1958 | 403.6 173.2 20.6. 118.5 44.8° 74.7 3.2 3R.2 93.2 132.0  #.7 178.2 | 1351.8 |
1959 | 137.3 46.5 64.0 30.3 9.2 6.8 39.6 981.0 569 4.4 9.8 66.1] 863.1]
1960 | . 21.6 - 96.8 184.2 282.0 50.0 14.1 258 22.2 7.0 50.4 179.2 330.0 | 1327.3 |
1961 =z1'5.7' 66.9 73.1 144.2 30.7 183.2 69.4 62.2 7.2 116.0 71.4 73.3 | 1774 |
1962 | 83.5 30.6 222.6 144.7 29.2 2.9 40.1 126.8 14.3 104.2 206.5 121.1 | 1126.7

1963 | 73.3 192.6 159.2  82.7 36.5 182.5 276.5 13.8 0.4 172.3 55.1 202.5 | 1447.4

1964 | 146.8 83.5 67.1 255.0- 26.7 19.3 46.7 8.9 18.7 201.4 715 65.4 | 1020.8 |
195 | 80.6 93.8 93.9 90.0 61.9 94.9 18.3 278.3 95.1 139.8 73.4 37.7 | 157.6 |
1966 | 311.6 150.0 - 34.5 73.7 14.8 39.3 19.0 8.5 66.8 47.6 93.8 67.0 | 1000.5

1967 | 85.7 177.7 100.6 214.0 76.0 37.5 86.0 11.4 70.2 135.8 57.0 34.3 | 1086.1

1968 | B88.1 130.3 92.7 49.1 58.0 72.0 250 81.0 48.5 60.8 116.2 38.0 | 859.7 |
1969 | 52.6 © 71.0 536.7 203.6 77.4 34.5 64.4. 6.4 120.B 163.2 50.5 76.6 | 1452.7

1970 | 26.6 48.1 58.8 24.7 178.4 551 .8 21.5 70.1 192.5 128.9 50.7 | 867.3
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LUZ | JAN FEB L MAR  APR  MAY JUN  JUL  AUG  SEP OCT - NV DEC | AmwaAL |
1977 | 170.8 180.1 224.1 8.6 293.9 55.4 112.7 3.0 1049 T8.8 116.2 217.0 | 1655.2 |
1972 | 186.5. 477.7 123.5 1033 201.3 - 29.9 62.6 17.6 - 9.0 38.1 94.9. 75.6 | 1420.0
1973 | 89.1 161.9 - 71.4 149.6 77.9 2.0 22.5 289.6 196.7 36,2 219.5 115.8 | 1432.2
1974 | 136.5° 216.2 193.3° 97.3 156.1 74.1 33.1 76.5 41.0 44.9 269.5 137.0 | 1475.6
1975 | 196.4 -231.6 113.9 127.1 31.9 60.1 36.5 73.4 127.4 62.3 B85.4 295.6 | 1441.7
1976 | 551.1 132.5 372.1 153.2 147.2 13.4 116.4 74.6 20.8 195.4 46.0  70.9 | 1893.6 |
1977 | 173.5 327.0 360.8 18.6 27.5 19.4 42.5 90.2 147.0 42,7 58.9 178.1 | 1486.0
1978 | 211.3 © 18.4.184.6  99.6 49.2 B6.2 186.4 . 41.0 42.0 223.5 3.6 11.7 | 1267.4
1979 | 77.0 45.1  45.7 61.4 182.4 31.3 5.5 '52.6 84.2 66.4 28.0 132.8 | B858.6
1580 | 115.0 £ 97.2 25.8 79.7 54.3. 13.9 . 41.8 13.4 136.3 1.5 107.6 68.6 | 765.1
1981 § 94.7.57.1. BL.O 73.0 180.0 . 77.7 - 5.5 59.2 151.4. 64.5 190.0 21.6 I 1056.0
1982 | 49.3 33.3 188.6 109.3 76.6 24.3 37.2 10.5 16.2 111.4 855 29.0| 771.3
1983 | 101.2 8.9 71.4 355 46.6 70.2 108.3 111.2 15.0 128.4 250.4 232.7 | 1257.8
1984 | 576.7 . 276.8 183.6 101.5 62.2 159.2 168.8 177.0 32.3 '61.0 124.5 43.6 | 1967.2
1985 | 243.5 291.0 B7.5 52.6 81.2 150.0 ----- -~ MISSING DATA - - - - - - - P
1986 | 105.3. 102.9  69.3 127.4 33.4 S4.3 16.4 8.9 48.4 67.5 60.1 148.2 | 842.2
-1987 | 157.8 67.5 228.3 . 89.8 14,30 139.5 37.0 196,2 330.3 128.5 73.3 139.3 | 1601.8
1988 | 84.2 257.8 161.8 102.2 31.0 98.9 12,4 15.5 39.4 202.3 45.0 257.7 | 1308.1
1989 | s4.5 310.2 33.6 49.4 72.4 78.5 50.0 9.0 B7.9 B89.8 255.9 102.8 | 1194.2
1990 | 161.2 128.9 126.8 : |

) MEAN | 148.1 141.7 154.1 109.9 80.5 60.6 55.7 S58.5 72.2 93.6 119.8 7.2 | 1199.1 ]
|MEDIAN] 115.0 130.3 126.8 B84.8 63.6 5.3 41.1 45.7 65.4 78.9 54.9 103.9 | 1170.4 |

+ L
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APPENDIX B

'COMPLETE WATER LEVEL HYDROGRAPHS FOR BOREHOLES IN THE STUDY

 AREA (1973 - 1990)

These hydrdgraphs were constructed from -data contained in
' £he  0£igina1  (hand written) monthly returns from the
'observef(s) responsible for collecting the data. All water
levels arenin metres and refer to the elevation of the water
surfaée.above esfuary mean sea level. Levels for ‘old' (1973)
.;boreholes wefe derived@ from surveying conducted following
their inétallétion, and levels for 'new' (1987/88) boreholes
.weré dérived_ffom surveying in 1990. The absence of records
from_some"new' boreholes indicates that these have not yet

been surveyed.

'Whére.detected, errors in data collection (as reflected by én
'‘unreasonable’ rise or fall in water level over a short time
pe:iqd) have Seen iemoved from the record. Slug tests in
January 1984; October 1985 and September 1987 remain in the
hyarographs_ as rapid, usually short duration, peaks.
Sigﬁificéht gaps in the hydrographs correspond to periods
when data collection was suspended, this suspension was
either during periods when data collection ceased, or when

the water level dropped below the maximum borehole depth.

For the period since 1987, two hydfographs are displayed, one
refers to the 'old' borehole and the other to the adjacent

" 'new' borehole. Where it is not evident which is which and
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‘where the boreholes show different hydrographs, the new

borehole hydrograph is indicated by the letter 'N'.
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