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Abstract

The @timal management of natural resourcesllides requires understanding the relationship with
other environmental elemenBemote sensing techniques using migihporal and muksensor
images for change detectiparposesreimportant in this regard-his studyuseda combination of
approaches to detect changeshialake surfacearea of LakeSibayiin relation to changes in past
climates.Delineaton of the study areas achievedusing WR2012 endoreicmaps and Landsat
satellite images from 1992 to 2Q18sing datafrom eight meteorological statiomast climate of

the lake catchment was investigat€tereafter a multivariate correlation analyssconducted to
examine the relationship between the changekatake surface area and the changes in climatic
(precipitation temperatureyariablesand water leveldResults suggest thttelake surface areaes
decreased by 20% since 1992. There are significant changes in temperaturethendmieual
rainfall totals declined significantly. The correlation between precipitation in the catchment and
annual water level changes is 0.&Ratistically significant increass in the water level and
precipitation were experienced in 1993 and 2@Hl. analysis revealshat the study area is getting
drier and the probability of recurrence of moderate dryness is Td#rate at which the lake is
shrinking is not solelglimatic related,asanthropogenic aspectse alsoresponsibleTo prevent
further shrinkage of Lake Bayi, it will be necessary to develop aggressive restoration policies and
action plans aimed at maintaining inflows in the face of compounding climate change and water
demand. Recommendations of the nature of further studies that can increase our aitpestan
included.

Keywords: Lakesurface aresariations climatechangeLake Sibayj changedetection SPL PCI
1 Introduction

Lake surface area changes semasitiveto naturalchangesand consequentlhserve as proxies for
disparities in local environmé&nand variability of global climate. An understanding and evaluation
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of lake characteristics, including changes in spatid@ént are necessaryto achieve sustainable
management of water resources (Jaetadd 2015).This is particularly applicable tolaake Sibayi,

which isa popular touristiestinationyvith developments arounts catchmenareathatareaffecting

its hydrological characteristicsHydrology has a stronglink to the climate of a placeFloods,
droughtsthe water quality, ecosystem asdstainability of water resources are important issues in
hydro-climatic interactionsTo understand the interact®mwell and for optimal management of
water resources, remote sensing technology GIShave been usedo investigae spatial changes

of lakes(Fathianet al.2016; Nsubuga et al. 2015; Liag al 2013; Ouma and Tateishi 200&here

are several change detection studies where safgdifedremotelysensed data are being applied
namely the estimation of changes in the forestry areas asd@ated damages (Rasetyal 201Q

Nel et al.2013@); andusing Landsat antCEsatdata to investigatéhe response of inland lakds
climate change (Zewen 201Recently(Nel 2016; Nel et al.201@ hasmodelledthe trends of
informal sand forest haesting using remote sensimgnorthernKkwaZulu-Natal partly explaining
theanthropogeniobservationsn the study arealiwari et al (2009 usednumerous data sourges
including satellite images, aerial photasddigital elevation modelt® determindake area change.

Lake area studies have transiteoh traditional methods dfake Boundaryextraction Bianduoet

al. 2009; Riordan 2006) to automated techniques that rely on density slicing using single or multiple
spectral classifications (Bagli anaife 2004).Spaceborne remote sensing technology according

to Liaoet al(2013) provides an effective way to detect lake changes due to its vast coverage, multi
spectral information, and short revisit peridd.the samdime, (Alborzi et al.2018;Arkian et al.
2016;Fathianet al.2016; Delju et al.2013; Parvin 2011; Delavar et al. 20@havidelandZahedi

2007 have evaluated the meteorological faciafliencinglake surface variationglowever, less
research has been carried out on the relatipeshbetween laksurfacevariations and climatic
variables in southern Africaa combination withremotelysensed technologyhe objective othe

study is to investigate the effect of changes in climatic variables on Ladsg Sthsface water area.

First, we establish whether there are significant trends in temperature and rainfall now and in
memory ovethe Lake Sikayi catchmentSecondlywe determine changesinelake surface area
Thereafterwe examinghe longterm changes in rainfaind temperatue i n t he | ake’
and compare it with the surface water variations.

1.1Studyarea

Lake Sibayi(sometimes referred to as Lake Sibaimp freshwater resource situdtalong the
northern Kwa-Zulu-Natal coastline, withinthe uMkhanyakude District Muwipality of South
Africa. The lake forms part of the iSimangaliso Wetldrark ands of international importance
(Combrinket al.2011). The lake coversin average surface area of8’ andits catchment extends

for approximately450 knt (Weitz and Demk 2014) According to Combrinket al. (2011) the
amaThonga community occupies the surrounding land and lives on hunting, fishing and agro
pastoral activitiesFigure 1 showshe location of Lake Sibayas well as the nearby meteorological
stations and Tae 3, gives thebasicclimatological characteristics and their correlation to the area
series A strong seasal precipitation pattern is observed in the region with moghetainfall
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occuring during the summer monthaith over 40% falling in thdir st quarter of the year (sgeaph
in Fig. 1). As Arkian et al (2016) state in their work, surface water variations are attributed to
changes in hydralimatic conditions. These conditions are described in the section that follows.
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Fig 1.Showing bcatians of UsuthuMhlatuze water management ame&outh Africa(Map A), the
position ofLake Sibayin KwaZuluw-Natal Mkuzu subwater management areaindicate in (Map
B), (Map C) showsearbymeteorological stationssed in the studyndthe ihset graph omonthly
percentage contribution afeal rainfallin the catchment

1.1.1The hydreclimatology of Lake Sibayi

The lake idocatedin Area 60f the UsuthuMhlatuzewater managememtrea demarcated byhe
Department of WateAffairs (Figure 1, Map B) within the Mkuzu subwater managementraa.
Rivers flowing into the lake aréne Mseleni, Kumzingwaneand Velindlovu. The lake is cut off
from theoceanby a series of high nortbouth trending forested sand dunes, hence hawamrect
connection to the oceametailed hydreclimatological information the geological settingand
evolutionof LakeSibayi whichhas resulted in the present morphology of incised channels, dendritic
nature, shallow depression and coastal dune barrier development are well expldinledtaated

in Combrinket al.(2011) andWeitz and Demlig2014 and referenceblereir). Important to note
from their observationis that surface runoff, groundater recharge and rainfalerthe lake, have



annuallybeen balanced by evaporatimdgroundwater overflow to the sea, hence maintairtimng
lake levelsof 20 m abovethe mean sea leveDetermining whether the lake level changes is
primarily due to human factors or climate variability according to (Alborzi e2@l8) has
implications fa lake restoration strategies hence the study.

1.2 Data andanalysis
1.2.1Rainfall, temperaturedata, and mean characteristics

Monthly totals of rainfall data recorded at eight stationsh®ySouth Africa Weather Services
(SAWS), within the Umhlabuyalinganaviunicipality in the UsutheMhlatuze water management
areaareused in the studyt is important to obtain some insight into the homogeneityhefecord
and data qualityTo achieve thissix homogeneity tests have been appiedormalzedannual and
seasonlsseries. Candidate stations that had more than 3% of missing data were ométealyfsis

of the regionalaveragedotal seriesNeither was any treatment applied to the climatological series
like in recent literature (Ngongona al 2006 Nsubugaet d. 2014) to overcome such a challenge
Becausenissing values do not cause a significant effect on the overall aadeswarranted biases
TheMbazwanaAirfield, SwilleysandPhinda had shorhonthlydata length, while False Bay station
had the longegiTable3). Annual and seasonal climate seriesdightstations werénvestigatedor
homogeneityusing six tests Namely Von Neunan ratiQ cumulative deviations,worsé y ' s
likelihood ratio, Bayesian procedures, Mann Whitney and SNétTa single tes(Buishand 1982;
Peterson et al. 1988Vincent 1998 Wijngaard et al. 20035ahin and Cigizoglu 201@e Lima et

al. 2010;Buishand et al. 2013\subuga et al. 2014bThese tests are programmed in AnClim
(v5.025),software,accessible fronwvww.climahom.eSt & p & n e kKo r 200058ajdn = 30,
and thecandidate stations were considered useful whezeof the tests qualified the hypothesis
The eight stations were combined into a representative regional time series using tfieisigps
iii, iv) in Tablel and have been used in theeemonth time scale analysiShere are more benefits
pointed out by Peterson (1998or studies usingurea averaged time series.

1.2.2Area-averaged rainfall series

For this study, the original monthly precipitation seriegsegtandardsed in order tominimise the

highly diverse means and variability and the randomness of the convective process reflected in the
individual station total§ike in (Nicholson 1986Arkian et al 2016. Normalsation for each station

was achievedtby using Eq(1.i) while thd of the region by using Ed.{i) (seeTable ). Partal and

Kahya (2006) support the use of a regicmatragebecause it provides a time series that makes it
easier to deal with an index series in a region like Lake Sibaghroa@nt. However, before using

the climatological series with confidence for analysis and subsequent discussion, (Kraus 1977,
Nicholson 19867 U r B996) suggest that one has to demonstrate that it adequately represents the
region, thus the use of EgBi{ & liv, Table 1). In order to ensure that data is random and persistent
free, autocorrelationMon Storch and Navara 1995) was used to festsuch randomness and
independence usirtheequation in step.2


http://www.climahom.eu/

1.2.3Trend analysis

The popular ManiKendall (MK) testis applied ortemperatur@andrainfall seriedo establish trends
in observediata forthe Sibayi catchment area. Aftrevisual inspectn oftheclimateplot, it was
found necessary to investigate changes in mean and mesiiag thedistribution freeCUSUM test
and the Ranlsum test respectively. All these ®ate norparametric and applicabie distribution-
free dataThe mathematial description of these statistical tests is founCRCCH 2005).

1.2.4StandardisedPrecipitation Index

SPI in this study isppliedto a normalsed time series andalculated on d@hree and 12month
timescaleSPIs of these time scales are usuallytiet o streamfl ow’” s, reservo
water levels at longer time scales (WMO 20¥)cording toLivada and Assimakopould2007)

largetime scalesan reflect on lake water levels a@yearold datasets may be uséte cfinition

of theindex can be followed itablel, stepd in (Edwards and Mcke&997 Agnew 2000; Livada

and Assimakopoulos 20D@ndthe Standardized Precipitation Index User Gu{@éMO 2012. The
advantagef using the SPI according to Arkian et al. (2016) is thatatwed for the use of stations

that cover different periods of recamd or include gaps in individual months or years.

1.2.5Precipitation Concentration Index

To understand the monthly heterogeneity of rainfall amounts and its temporal trends, iadnodif
version of PCI by Oliver (1980) in Nsubugaal (2014) was appliedEqin step5). The method

of computing PCI and the way iaterpretthe calculated PCI series are explaineiiohiels et al.
(1992 andsub®qguentarticlessuch agde Luis et al2011;Valli et al. 2013 Iskander et al2014;
Nsubugeet al 2014c).

Tablel Summary othe steps anéssociated equationsed indata preparation and analysis

Step Process Notes
1 | Daily and Monthly rainfall M — D Normalizing rainfall data series
data, obtained from SAWY i) Y (RSV R)/ss where N; is the number of regiong

N, stations operating in the yejar
i) M, =@/N;,)a Mg, It has to be shown that th
s=1

geographical variations ofM sy) are
2

i _ a_ N,-Mry small, compared to the temporn
iii) v(time) = J-1 variations (Kraus 1977, Nicholsg
N M 2 1986, Tiarkes 199
n- .
iv) V(area) = @

n-J




2 | Test for randomness ar N-k Where ,is the lag  Kautocorrelatior
persistence (von Storch ar a (% - m(x +k-m) coefficient,mis the mean value of
Navarra 1995) v) r, =4 . mes S

k N time series ,Nis the number of
a (x-m? . o
~ observations, ani{is the time lag.

3 | Rainfall characteristic{ Mean and Percentage contribution | Computed for monthly and seasor
analysis annual total rainfall. time steps.

4 | Quantifying rainfall deficit X - X Wherex is the monthly
for various time scaley SPl=———, meteorological variableX is the 3

(using SPI). (Agney S
2000, Livada and
Assimakopoulos 2007)

month mean value, withas the
standard deviation calculated from t
whole time series of monthly values

5 | Evaluating the varying Where p, is the rainfall amount of the
‘t’;e'gtr??ft;‘glntg%éa'nntfalé g 0? ith month, calculated for each of tt

. X u [ stations, year, and season ung
rainfall using PC PCI =100 —=— consideration. PCI values below |
ak” a indicate a uniform monthly rainfal

aa bio distribution in the year, wheres

Gim  + values from 11 to 20 denof

seasonality in rainfall distribution.

6 | Delineating surface watg NMNDWI :(p -P )/(p +P ) where R;andRsare t he r e
in Landsat ETM+/TM Los L L7V L "L/ | of pands 2 and 5.

imagery. (Xu,2006; jiet al,2009)

1.26 Lake areaand waterlevel data

A number of approaches applied in studies of this nature, on different images from divergent sensors
while extracting information on lakes listed by Jawalet al (2015).Forthis studyradiometrically

and geometrically rectifiedLandsat imagesfrom USGS sites(http://glovis.usgs.gov/ and
http://earthexplorer.usgs.gotfat coveiscenegpath 167, row 07&or theyears1992 1998,2004,

2013 and 2016vere acquiredparticulaly for the southern winter montted May, JuneJuly, and

August Detailed information of satellite images processed in the current study is listadla?2.

The study area(243kn¥) was delineatedy digitising, usingthe UsututeMhlatuzeendoreicarea
shapefileextractfor KwaZulu- Natalwater management are@ailey and Pitman 2016] he daily

mean surface water level data for Lake Sibayi (May 1966 to September 2016) was obtained from
the Department of Water and Sanitation, Government of South Africa.

Table 2 Detailed information regarding satellite images used in the study

Satellite Sensor Date of Bands Spatial
acquisition Resolution
LANDSAT 4 MSS 199206-15 12345 60m
LANDSAT 5 ™ 199806-24 1,2,3,45,7 30m
LANDSAT 5 ™ 20040523 1,2,3,45,7 30m
LANDSAT 8 OLI_TIRS 201307-03 1,2,3,4,5,6,7,8,9,10,11 30m
LANDSAT 8 OLI_TIRS 201606-25 1,2,3,4,5,6,7,8,9,10,11 30m




According to the present project aims and based on data availabiiiiyte sensing tooEENVI 5.1,
ArcGIS 10.3wereusedduring treimage processingremote sensing provides effective information
sources for the dynamic changenaturalresources such as lakes. GIS has a strong function of data
acquisition and editing, storage and management, processing and transforming, spetialaamh
statistics and so on. Subsequently, in the Arcsek8ng, digital layerarecreated, spatiallgnalysed

and final maps produce®ate of changeés derived from change maps for the changes occurring
between 1992 and 1998, 1998 and 2004, 2004£6h8, 2013 and 2016 and an overall change from
1992to 2016 is reported.

SimultaneouslyQriginPro.8.6, Trend 1.0.AnClim (v5.025)and Analysat tool in MS Excelare
usedin combinatiorfor analyses that followed

2 Results

2.1 Data quality

Homogeneitytests revealed that rainfall stations (Mbazaduéeld, Swilleys, Phinda and Hlabisa
SAP) were suspect and thus not used in trend analfsesiejection of thefour stations can be
attributed to relatively shorter periods despite the method of tramsfion asexplained in
(Buishand 1982; Buishand et al. 201Bhe sirface water level data was considered suspect after
failing the homogeneity testandthereforenot analysedor trend.The lterature could not guide us
further on who has faced a similproblem and how they went about it. Probably more data on
isostaticbehaviarr and outflow regulations that affattewater levels (Gronewold et al. 2013) could
have provided insight but it was rentailable The surface water level data has been useslipport
findings from other techniqueBased orthe argumentsf Petersoret al. (1998)the difference in
trends betweertnomogersed and unadjusted data can be enormous at individual stations and
significant in regional analyses time serieence theansideration

2.1.1 Catchment area climatology

Table 3Characteristics of monthly rainfall data whicbntribute to area climatology of the study
area

Station Makatini Mbazwana Swilleys | Phinda Sodwana False Hlabisa Hlabisa
Name Airfield Bay Bay Park | Mbazwana SAP
Station ID | 04113232| 04121486 N/A N/A | 03763027| 03756884 04121800 | 03386682
Datalength | 4, 228 240 | 216 444 780 768 468
(months)
% Missing 1.2 2.1 45 3.2 49 2.05 2 9.6
Climatology | 54, 719 388 | 721 565 734 973 869
mean total
Statio
contribution 10.6 12.9 7.0 13.0 10.2 13.2 17.5 15.6
to reg. mean
Monthly correlation to area rainfall climatology series
Jan 075 | o065 | 058 | 67 | 055 | 057 | 057 0.46




Feb 0.73 0.62 0.61 0.62 0.49 0.68 0.73 0.56
Mar 0.78 0.74 0.31 0.73 0.63 0.77 0.80 0.40
Apr 0.70 0.53 0.41 0.71 0.61 0.61 0.64 0.36
May 0.72 0.25 0.47 0.47 0.56 0.84 0.81 0.74
Jun 0.77 0.71 0.20 0.77 0.60 0.84 0.83 0.42
Jul 0.78 0.57 0.20 0.67 0.62 0.60 0.67 0.44
Aug 0.71 0.62 0.19 0.63 0.45 0.85 0.64 0.51
Sep 0.85 0.74 0.24 0.74 0.63 0.81 0.79 0.54
Oct 0.82 0.70 0.45 0.67 0.69 0.55 0.62 0.51
Nov 0.53 0.82 0.52 0.79 0.80 0.63 0.72 0.60
Dec 0.78 0.66 0.43 0.74 0.64 0.51 0.57 0.41
Station
monthly
correlation to 0.90 0.66 0.66 0.71 0.74 0.57 0.49 0.46
the mean are
climatology

The orrelation resultsshown inTable 1 demonstrate that the mean regiochinatic series
adequately represents the area around Lake Sibayi. Notable differences are in the monthly series,
especially for a station like Swillewhose correlations are below (lgbld in Table 3)n March,

June, July, AugusindSeptember. As argued by Nicholson (1986¢,correlation of a series below

0.4 is not good for consideration in a regioclahatic mean seriedJsingaregional average filter

out the noise apparent at individual statioArkian et al. 2016). For the 12month timescale
analysis threeseries i e. MbazwanaAirfield, Swilleys and Phinda) were eliminated because the
serieswereshort comparetb the others and exertadgreat influencen the regional climatology

series.

Evidencefrom Fig 2 showsthatthe catchment received above average raifrfath 1987 to 1991
and 1997and200Q The plot reveals a precipitation maximuntheyear2000and adrastic decline

in year 2002 thereaftey rainfall has been averaggear after year for six yearsA personal
conversation with Jeremiah Ndalz pensioner wittKkwaZulu- Natal Wildlife, revealed that by
1988, the time he started working arolwake Sibayjthe water levels were high. Historical data on
the surface water levels alsupports this (Fig.4) A closer analysis however reveals that, during
this time there was a climatic event which climaxed in the year g@&@0also figure)3This event
and associated tropical weather systems which moved over the northern providoathohfrica

is explained in (Dyson and Heerden 2001; 2002; Kruger 2006; Dyson. Z08&) 2007, rainfall
variability was highin the catchmentVarious studies inform Kruger (2006) of the significant
increase in extremes and intrnual variability of pgcipitation over specific areas in South Africa.
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Fig. 2 Figure showing total, average and percentage contribution of rainfall for Sibayi catchment

Using the SPI drought intensity classification scheme proposed by Makeé (1995) and
mentionel by Xieet al (2013), the regionaverageclimatological series plot showiisat rainfall in
thecatchment is:iear normalThe catchment experienced a very wet ye@000(Fig. 3. We note

that the SPI allows us to determine the rarity of a droagln anomalously wet eventaparticular
timescale For this locationnegativeintensity of-1.0 or less is evident in 1986, 1992, 2008 and
2014.1t is hard to conclude that the catchment experienced serious drought as per ¢Makee
1995 WMO 2013 d«inition, because the stiiasin has been moderately ddgcording to WMO

(2012) SPI, allows the user to confidently compare historical and current climatic events and
determine the probability of recurrence. This study concludes that moderate drynessy(&i

the range1.00 to-1.49) has a 10% probability of recurrence in the Sibayi catchment.
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Fig. 3 Standardisednnualprecipitation aomaliesfor theLake Sibayi catchment 1985 to 2014

Figure 4shows consistency in Sif the regionally averagmorthly valuesfor the yearsunder
consideration and period 1982001 is captured as an unusual ewettie area of studyrheMann
Kendall test on the same series sh@vdecrease in thminfall (z statistic =1.2) but nota
statistically significant trend @0% The distributiorfree CUSUM test indicates a statistically
significantincreaseof rainfall in 2001 (at a< 0.1) andthat rainfall in earlier yearnwashigher than
in later years. This is further camhed by theRanksum testhatshows that the median of 2060
2014 >1985 t01999 andhat theyare significantly different.

2.1.2 Trends in temperature and rainfall over the Lake Sibayi catchment

The aealtemperatureserieswere exposed to the Masifendal tend analysis, which revealed that
the average minimum temperatur@se.Tmin) and maximums of the minimum temperatures
(MaxTmin) have experienced a significasecreasingrend, while the other series show trends that
are not significant at the 5% confraee level(Table 4) A decreasingrend in the minimums is an
indication of warming in the last 20 yeafaurtherexploration oftemperaturg revealedthat the
maximums of the maximum temperatu(®axTmax) have experienced a significaimcreasing
trend athe5% confidence leveTable 4)for Mbazwana and Makatini statians

10
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Table 4Trend (Z) values foMbazwana and Makatinemperature serieBold figures indicateZ-
values that arstatisticallysignificant at the 5% level.

Ave. Tmin Max.Tmin Min. Tmin Ave. Tmax Max. Tmax Min.Tmax
Mbazwana | (Z=-2.09) (Z=-1.714) (z=-0.735) (Z=-0.91) (Z=-0.105) (Z=-0.84)
Makatini (Z=-0.59) (Z=-0.85) (Z=-1.15) (Z=-2.23) (Z=-1.47) (Z=-1.56)
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Fig. 5 Anomalies ofvariations inthe annual mean water le@), maximums of minimum
temperaturg®), maximums of maximum temperatuf@®s mean annual rainfall(D)average
minimum temperaturég) andthelake siz of Sibay{F).

An increasd trend in themaximum temperaturesoincideswith the findings of (Kruger and
Shongwe 2004; Nevet al 2006; Kalumba et al2013) who indicated that temperatures were
warmingfor soutlteastandWestAfrican countries

The concemttion of rainfall in a year is an important aspect of climate in water resources planning,
especially when its distribution is balanced (Nsubeigal 2014c).The ainfall concentration can

be well understood by using a statistically derived index (R@ich quantifiesthe relative
distribution of rainfall patterns. Seasonal concentrationthe study area was in the rarajel 1 to

21, except for the year 200&hich indicated a PCl of 94 i m pthatthe dsgthuMhlatuze area
generally experiencesmoderate to seasondistribution The emporal analysisf the study area
reveals a PCI of 3,&vhich is below 10, thushowing a uniform concentration for theriodunder
analysis.
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3 Lake area change

Lake Sibayiareahasevidenceof intraannual and inteannual variatiometween 1992 anglne

2016. Thedelineated area afake Sibayi shrunk by 12.96 km, which is a 5% shrinkage in a span
of 12 yeas (.e. 1992to 2004).By June 2016, the percentage area occupied by the lake was
24.23%.Changes irthe percantage ofthesurface area over the yeare illustrated imable5, and

in images shown ifig. 6 and7 below.

Table 5Percentag€hange ofwatersurface area dfake Sibayiduring the winter months of 1992
to 2016

Year and date of detection Size (km?) Percentage area
1992 June 15 83.77 34.5
1998 June 24 73.16 30.11
2004 May 23 71.76 29.5
2013 July 03 62.50 25.72
2016 June 25 58.87 24.23

' X3

Fig. 6 Satellite output images prior to (8) and after calculating (C) changethe surfacewater
area of L&e Sibayi sukbasin.Lake Sibayi sulbasin @lineated imagesf 1992, 1998, 2004, 2013,
2016using band combination 7,4,2); theimages in (B) have been enhanced by the MNDWI,
while(C) showsgeclassified images indicatiregchangen the surfacewater aea.

h
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3.1 The relationship between lake area changes, hydro-climate variables, and human activities

In order to support surface water management efforts and prevent Sibayi lake from deteriorating, it
is important to know what has caused the recent shrinkage lak#Studieselsewhereén the world
(Hassanzadeh et al. 2012; Fathian e2@L5 AghaKouchak et al 2015; Shadkam et al. 2016) have
indicated that a combination of climate variabliefiow reduction, climate variabilityand water
resource usean case lake shrinkage. Some of these studies based their findings on assessing basin
SPI,others werable to carry out simulations e.g on stream inflow and outflows. While (Fathian et
al. 2015 was able to establish the magnitude of climate variables anddatersine their sensitivity

on the resource. They come to a conclusion that climate change is at play. This study is not far from
concluding that, the detected trend in this study is likely to belong to g&domgchange in climate

in the areaThe mainelements that relate to the water level change of a lake, according tetBian

al. (2009) are either direct (e.g. rainfall, ice, snow) or indirect (e.g. temperature, size of the lake,
catchment area). Lake level fluctuations also depend oranttanterannual hydrologic variability

and water management practices in the lake basin (Alborzi et al. 2018). Reducing water levels
according to Gronewold et al. (2013) can also be attributed to isostatic adjustments and outflow
regulations.

Thestudy finds thatyater input into Lake Sibayi is a combination of precipitation in the surrounding
catchment, which arrives as roff, as wellasthat over the lake itsef.o understand the variability,
multi-decadal hydreclimate areal time series (rainfalbmperatue, water level) fronrmeighbouring
gauge stations have been used in the stedythe sake of brevity, the discussion focasenthe
mean annual trends in thegi 35 years.The catchment does not have a brogdro-climatic
network, solong-term data wasonly available for two station®y comparing longerm rainfall
(1981to 2015)andthemean annual lake surface water level (1862015 we assessed the relative
contribution of these variables tie decliningrend The analysis revealed a decreagnegd for
avel'min and themaxTmin and an increasing trend in maximum temperatures which is in agreement
with other studies that assessed temperature trends in south and eastern soukrugjeicapd
Shongwe 2004Kalumba et al. 2013)Warming temperaires canfavour an increase in the
evaporation rate that may contribute to a reduction in lake $ize.Cusum test indicates a
statistically significanincreasgat a< 0.01) in 1993or the water levels wheas that otherainfall

in 2001 was not statiically significant.A Ranksum test onhe medians of the two variables
indicatedthat1981to 1997is greater than those of 19882015.0ne would have expected to see
reflectionof EI-Nino rains of 2000n the medians, bt is not the casaneaninghat there could be
other factors at playpata shows that the lake levels do not recover after the years of very low rainfall
—even after the extrardinary rains of the year 2000 in KwaZuNatal. The area experiences a
strongseasonal rainfall distribution which coincides with what (Krugei62®@ve found for some
areas in South Africdzor most lakes, inteannual variabilityin rainfall according to Arkian et al
(2016 is not reflected in the lake level but time annualchange A principal component analysis
(PCA) revealed that the corrélan overa 51-year period is 0.88, indicating that rainfathuld
explainthe yeatto-year variability ofthe lake levels.Coefficients are high for thigrst component
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(water level) andaveTmin (0.53). The second componemaitfall) has high coefficiest with
avelmax and lake sizeThe estimated ean annual evaporation etweenl1300and 1400 mm.

Weitz and Demlie (2014)iscoveredhatthemean monthly and annual water balance of the lake is

in the negativeFurthermorethe lake area has shrunk by 9.Dbetween 1992 and 201®he
extremely low lake levels in recent years is attributed to increased water abstraction by many
economic activities that have sprung (ipurist related) and the reduced forest vegetation in the
catchment (see also Nel 201&gnificant land use changef®r example commercial forestry,
subsistence agriculture and human settlements have occurred around the lake Taceighyisible

on the 2013 and 2016 Landsat images (not shown Heare3. of vegetation can be attributed t
wildfire presence and informal wood harvesting. Since the clireatetiparticularly responsible for

the Laké demise, there is evidence of anthropogenic aspects that could be atrptén(Nel 2016;

Nel et al. 2017a) mentioned and a research tedahedfniversity of KwaZuluNatal has identified

Ideally, the chance of preserving the lake will be high if human activities are the chief reason for
water level decline because real actions to improve water management in the basin are known
(Alborzi et &. 2018).The situatiordemandsieep thoughtegarding the role dfuman activities now

and in the futureAs shown in Gaupp et al. (2015) looking at the past and future, one can establish
the existing storage capacity so as to buffer irdrad interannwal water variability and thereby
mitigate resulting water scarcity.

Currently Sibayi catchment supports pastoralism, tourism and commercial forestry. Growing crops
in this area is done at a subsistence level with a lot of difficulty. According to Ne8)(Btdre is
extensive deforestation amidst commercial foresthese pose a threat to the environment since
human activities alter both variability and volume of river flows needed to maintain freshwater
ecosystems (Gaupp et al. 201)rests can havelag role on the hydrology in the catchment. The
development of tourism and growth in populatibiel et al.2017a) implies increased abstraction of
water from the catchment. Owners of tourist resorts are concerned about the sustainability of their
livelihoodswhen water becomes scarce. There is evidencdahast facilitiesowners drive long
distances to find water for domestic use in tourism faciliMisorzi et al.(2018) observe that any

rise in demand e.g 5% above set values lead to lake levgdidgopelow the ecological threshold.

The question is how long will this lake support the needs of the rural commuistiesecessary

to shift to an ecosysteiased water management paradigm? How do we prevent the loss of tourism
and potential public t#th effects due tavindblown salt stormsfrom exposed lake bedPhis
requires modelling the lake system and over all hydrology to establish the sustainability of this water
resource in the futurd temporal trajectory that enables analysis of changasaeg over time, as

well asanalyzingthe advancement of change over a determined period has been used by (Nel et al.
2017b)for forest harvestingn this area Tree species that require low water intake should be
investigated into. The fact that, rainfehriability, temperatures, and water withdraw are increasing,
necessitates urgent intervention.
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Fig 7 shows observed changes between 192Q04 and2004- 2016 ofLake Sibayisubb asi n’ s
endoreicarea

4 Conclusions

This study has providea level of understanding of the problem which may enable the need for
synergistic efforts to revive a shrinking lal8ome of these direct and indirect main elements have
been investigated in this study using a combination of techniqués.evident tlat the area
experiences atrongseasonal rainfall distributiora decreasing trend in minimum temperatures,
while anincreasingtrend in maximum temperatures is significaviériations in temperature and
precipitation strongly affect lakes avell asthe environment of human beings (Liabal. 2013).
Despite thedecreasingrend in rainfall, it cannot be used to argue that it is responsible for the fast
decline of thelake. The outflows are more than the inflows in the lake, duea ttecline in
precipitaton, increased temperatur@screased abstraction rates from the lake and its catchment,
and change in land covdrake Sibayi is an exemplar in southern Africa of an emerging challenge
related to unsustainable water managenaemtstgrowing demand andimatic changes. Asve
endeavorto inform the ongoing debate about the causes of Lake Sibayi shrinkage and plan
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restoratore f f ort s, quantitative assessments of the
requirementsecessitatéurther understaridg. This can be dondaitough modelling future changes,
gatheringvaluable information in trends of water abstractiqurantity, quality and timing of water
flows required to sustain freshwater and estuarine ecosystems, human livelihoods dreingell
andsurface water changes of Sibayi can be considB®uahote sensing techniquesn still be used

to investigate changes in land use and account for the changes obbkemvederstanding these
changes appropriate measures can be implemented to ptiegentreasing watescarcity and
ensure that the associated ecological systems and community livelihoods are suB@ined.
establ i shing L aktegritgwillregure dggressve redtomatipn polecies and action
plans aimed at maintaining infl@nn the face of compounding climate change and water demand
in South Africa.

It is also recommended that further studies are conducted for increasing our understanding on
environmental flow requirements, the effect of the changing lake geomorplasidggology the

effect of groundwater extraction, the potential effects of climate change on water scarcity, the
sensitivity of infrastructure investmeritsa changing climate, the role of storage capacity in coping
with intra and inter annual water variatyil etc. These can importantly contribute to finding a
realistic solution for the Sibayi Lake sogavironmentThe study is important for water resources
monitoring and water resources management.
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