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Abstract

Global climate change has received much attention worldwide isdieatific as well as in the political
community, indicating that changes in precipitation, extrenogigirts and floods may increasingly threaten
many regions. Drought is a natural phenomenon that may cagal, economical and environmental
damages to the society. In this study, we assess the droughsity and severity and the groundwater
potential to be used as a supplementary source of water gatmitirought impacts in the Crocodile River
catchment, a water-stressed sub-catchment of the Incomati River catchn8outh Africa. The research
methodology consists mainly of three parts. First, thaapatd temporal variation of the meteorological and
hydrological drought severity and intensity over the catchmver¢ evaluated. The Standardized Precipitation
Index (SPI) was used to analyse the meteorological droughhargtandardized Runoff Index (SRI) was used
for the hydrological drought. Second, the water deficit ia datchment during the drought period was
computed using a simple water balance method. Finally, a djwater model was constructed in order to
assess the feasibility of using groundwater as an emergenae sourdrought impact mitigation. Results
show that the low rainfall areas are more vulnerable to severe oletgoal droughts (lower and upper
crocodile). Moreover, the most water stressed sub-catchmehthiglit level of water uses but limited storage,
such as the Kaap located in the middle catchment and the Lowerd@#osab-catchments, are more
vulnerable to severe hydrological droughts. The analysiheofpotential groundwater use during droughts
showed that a deficit of 97 Miyr could be supplied from groundwater without considerabierse impacts
on the river base flow and groundwater storage. Abstrastioolations for different scenarios of extremely
severe droughts reveal that it is possible to use groundiveatsspe with the droughts in the catchment.
However, local groundwater exploitation in Nelspruit and ¥/MRiver sub-catchment will cause large
drawdowns (>10 m) and high base flow reduction (>20%i)s Tase study shows that conjunctive water

management of groundwater and surface water resources is necesséigate the impacts of droughts.
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1. Introduction

Global climate change is one of the serious enwiemtal challenges which the world is facing this
century (IPCC 2013). It is related to systematiaraes of the entire world’s weather and climat¢epas
beyond the natural variability limits, and incredsroughts are among the consequences. Drought is a
natural phenomenon that may cause serious soc@penical and environmental damages, in particular
in areas where the water resources are alreadyyhighised. A number of different reactive and
proactive measures on regional or national scatebsaused to reduce its impacts. These measures
include: the use of resilience buildings of raid farming system for water harvesting for suppletalen
irrigation in semi-arid regions (Rockstrém, 2008)e use of groundwater, use of storages in mountain
rivers where precipitation is higher, and the carcdion of water distribution and water storageteys
(MacDonald, 2007); and the artificial groundwatecharge with excess water form wet periods ancereus
of treated wastewater (Zhou et al., 2011). Alorgghme lines, Pavelic et al. (2012) proposes ttuap
the peak flow (surplus of water) during the wetsseaand recharge shallow alluvial aquifers in a
distributed manner upstream of the flood pronesaréao large regional projects have been conduoted
Africa to investigate groundwater potential for wmatsupply during the drought. Groundwater and
Drought Management Project (SADC, 2014) has dewslgytrategic regional approaches to support and
enhance the capacity of Southern African Develogn@ammunity in the definition of drought
management policies, specifically in relation te thle, availability, and supply potential of growater
resources. Groundwater Resources Investigation Doought Mitigation in Africa Programme
(GRIDMAP, 2014) aimed at assessing the availabiftgroundwater resources in the Horn of Africa and
determining how much groundwater resources can tiized safely for emergency and long-term

development demands.

The Incomati river catchment is a transboundargrrivatchment located in the south-eastern part of
Africa which flows through South Africa, Swazilarehd Mozambique and discharges into the Indian
Ocean. The river catchment is characterised asme-agéd climate subject to hydrological extremes:
severe droughts and floods. The Crocodile Rivemis of the most important tributaries of Incomti.

the Crocodile catchmentiata and knowledge are limited regarding the grauater resources and its
potential for use during the drought period. Onethe first attempts to provide maps of sustainable
groundwater harvest potential (GHP) was by Baroal.e{1998), which was based on hydrogeological
maps developed by Vegter (1995). The GHP maps cineewhole South Africa and provide a first
estimate of the maximum mean annual amount of whsgrcan be abstracted from groundwater without
depleting the aquifers. However, the use of theapsarior local groundwater management planning is

limited due to high uncertainty. The GHP maps wegrdated by Water Systems Management (2001) and
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DWAF (2006). However, the update in the part of tineomati catchment is largely based on
interpolation from some experimental data from sherounding catchments, thus associated with high

uncertainty.

Some groundwater studies have been carried outittede the Incomati catchment. Consultec and BKS
(2001) quantified groundwater availability in thecbmati catchment aiming to assess its potential
contribution to the total water resources of thizclwment. Mauritius et al. (2010) made a groundwater
potential assessment study for the whole Incomatchenent based on the aquifer classifications
suggested by (DWAF, 2006). Their study produced smaipthe Incomati groundwater availability (in
terms of low, medium or high water availability) cathe average well yield of Incomati, without
distinction between wet and dry periods. Some giaater studies have been done in the Kruger
National Park, a conservation area partly locatethé Lower Crocodile (Fundisi et al., 2012;Nieketk
al., 2012;Fischer et al., 2010;Fischer et al., 200@and et al., 2008). So far, many of the grouathw
potential assessment studies were performed & &ae, but no groundwater potential assessmanhyt st

has been carried out in the Crocodile River catatime

Due to the intense agricultural activity, the Crdit® River catchment is highly water stressed. The
surface water is insufficient to meet the demargggeeially during drought periods. Small scale fasme
are the most vulnerable and affected by droughaitasz The downstream country Mozambique is also
highly affected when droughts occur in this catchiieecause of reduced transboundary flows (Zaag and
Vaz, 2003). In order to mitigate and manage watertage during droughts, measures are being taken o
the catchment scale. These measures include watsfdr from adjacent catchments (Sabie and Komati)
into the Crocodile river catchment, storage in mnesies, water restrictions to avoid system failaed
simple management models are being setup to quathigf risks (Mauritius et al., 2010). Although
groundwater is used locally, it is not a main comgrd of the actual drought mitigation and managemen
plan. However, groundwater has been consideredpaseatial source to mitigate the impact of drosght
and help to meet future increased water demariteinggion (DWA, 2013).

Given the vulnerability of the Crocodile catchmémtclimate change, the necessity in further expandi
agricultural activities and lack of knowledge omgndwater availability in drought periods, reseanch
drought and the feasibility of using groundwateaagmergency source to mitigate its impacts et
importance. The specific objectives of this studg: d) classifying spatially the meteorological and

hydrological droughts in terms of intensity andesdty, ii) assessing the water availability vergigsnand
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in the catchment during the drought periods, aid fdrmulating drought mitigation strategies by

assessing the groundwater availability during dhbyogriods.

2. Material and methods

2.1. Study area

The Crocodile River catchment has an area of arddi46 kni and presents a wide range of elevation
varying from around 2,030m in the most upstreant aad gradually decreasing to 140 m at the outlet
(Figure 1). The main economic activities in thecbatent are agriculture and forestry, with urban
development and mining activities occupying a sdeoyn role. According to the Incomati Water

Availability Assessment Study (DWAF, 2009) the totaea of irrigated agriculture and commercial

forestry in the Crocodile catchment was 2,452 km2004 which corresponds to around 61% of thal tot

irrigated area in the whole Incomati catchment.

The catchment is characterised by semi-arid climatie an annual rainfall and potential evaporatofn
850mm/yr and 1,380mmlyr, respectively. The preatmn is highly seasonal; more than 80% of the
annual rainfall falls during the summer half-yeast@er-March. The precipitation also varies ovexr th
catchment, is higher in the middle part of the loatent where there are mountains and lower in the
upstream and downstream regions. Potential evapordecreases from downstream (low altitudes) to

upstream (high altitudes).

The geology of the Crocodile catchment is compksaund 60% of the total area (in the middle and
lower regions) consists mainly of granite and gadisis characterized in the south by sedimentacks
(such as arenite) and volcanic rocks (mainly laeddhe Barberton sequence. In the west it is cargo
of a complex mixture of sedimentary rocks (suctaaite and shale), volcanic (mainly andesite) and
dolomitic rocks of the Transvaal sequence. In th& & contains a very small area of sedimentackso
(such as shale) and volcanic rocks (mainly basaltrhyolite) of the Karoo sequence. The aquiferthef

Crocodile catchment are mostly consisted of relgalititerials.

2.2. Data sets

Lynch (2003) developed a rainfall database of tbetls African region with data starting from around
1900 and ending in 2001. The database consistityf precipitation records and data quality control
gathered from the three main custodians of raimdfath in South Africa which include: SAWS (South
Africa Weather Service), SASRI (South Africa Sugere Research Institution) and ARC (Agricultural

Research Council). Additionally, a large numbemnuafmicipalities, private companies and individuals i
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South Africa also contributed with rainfall datath® database. Lynch (2003) computed the percenfage

non-missing data of the time series for each statio

Data from this database was used and from 2001 roisydata provided only by SAWS was used. 17
precipitation stations with low percentage of migstlata (Table 1) and a good spatial variabilifgyFe

1) were selected. The time period for less missiatp corresponds to the period of 1940 to 2011.
Similarly, 11 gauging stations of river discharge=re selected based on the length of the timessgate
least 30 years of data), missing data in the tigrees (Table 1) and spatial variability of the istas
(Figure 1).

The Crocodile catchment has around 320 groundwatts operated by DWA. Around 25% of the wells
do not have any water level measurement. Furtherntbere is only one water level measurement per
year in almost all the wells. Only a few wells hairee series of water levels which covers the pmkrio
from 2000 onwards. Moreover, not many wells haveéew#evel measurements in the severe drought
periods, especially in the Lower Crocodile. ThuslyalO wells with water level measurements during

drought periods were available for the model catibn (Figure 1).

A land use map was acquired from the DepartmeiWater Affairs (DWA) in South Africa. Reference
evapotranspiration data for each sub-catchment atdgined from the DWA study (DWAF, 2009).
Topography data consists of 90x9G Bigital Elevation Model (DEM) of Shuttle Radar Tagraphy
Mission (SRTM) from NASA. Hydrogeological charadstics were obtained from a simplified
hydrogeological map from the Council of GeosciermfeSouth Africa (see Figure 1). Aquifer parameters
such as layers thickness and hydraulic conductiwigye provided by the Water Resources of South
Africa study (WRC, 2005). Due to the lack of dat@e values of specific yield were assigned to the

geological formations based on general knowledgéable in literature, for instance, Nonner (2010).

2.3. Methods
An overview of the methodology used in this stuslpiesented in Figure 2. The methodology consfsts o
drought classification, water deficit assessmemindudrought periods, and groundwater modelling for

analysing groundwater potential for drought mitigat

Drought classification
Droughts can be defined as "a decrease of watdabiity to substantially below the normal conditi

for a certain place and time" (Loucks and Beek,5208nd are usually classified as meteorological,
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hydrological and agricultural droughts. In thisgasch, we focus on meteorological and hydrological
droughts. Several drought indices can be useddntifg droughts (Werick et al., 1994;Baykan and
Ozcelik, 2006;Palmer, 1965, 1968;Willeke, 1994;MeKet al., 1993;Shukla and Wood, 2008).
Furthermore, droughts can be classified accordiritstduration, severity and intensity. Droughtation

is the time during which a drought index remainkWwea certain critical value, whereas drought sigyer
represented as the cumulative of a drought indéowbe critical value within the drought durationdan
drought intensity as the average of the droughgxraler the drought duration (Mishra and Singh,201
Comparison of the advantages, disadvantages andaplity of the various drought indices has been
reported in the literature (Loucks and Beek, 20@8gar et al., 2011;Mishra and Singh, 2010;Guttman,
1998;Sims et al., 2002). In this study, we apptisel commonly used Standardized Precipitation Index
(SPI) (McKee et al., 1993) and Standardized Ruimadex (SRI) (Shukla and Wood, 2008) to analyse
meteorological droughts and hydrological droughgspectively. Both SPI and SRI can be expressed on
different time scales, e.g. 3 months, 6 months hadnonths. Table 2 shows how an event can be

classified according to the SPI and SRI values.

First, we calculated 12-month SPI for 17 precipitatstations and 12-month SRI for 12 discharge
stations for the period from 1940 to 2011. Themn,efach severe drought with SPI or SRI values -1.5 0
below, we determined severity and intensity of batkteorological and hydrological droughts. A
threshold value of -1 (SPI or SRI) was used torgefa drought event (beginning and ending of a
drought).

From the drought severity calculated for each dinktation, we derived average severity of
meteorological drought for each sub-catchment bagetie Thiessen polygons method. The hydrological
drought severity for each sub-catchment corresptmtie drought severity of the discharge statiothe

outlet of that sub-catchment.

Furthermore, the most severe drought was seleotesthdw the variability of the drought severity and
intensity over the catchment. For this drought,dreught severity and intensity was determinedefich
precipitation station. Kriging interpolation (Matiom, 1963) was used to produce the meteorological

drought severity contour map over the catchment.

Water deficit during drought period

For the water deficit computation, the catchmens diazided into 7 main sub-catchments (see Figure 1)
The water deficit per sub-catchment during a drowgds computed as the water availability minus the
water requirements. The water availability was atered to be the natural flow of the river compubgd

DWAF (2009) minus the stream flow reduction duéh® forestry water use..
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The main water requirements in the Crocodile catgfitninclude irrigation, domestic and industrial
supply, and a minimum transboundary flow, whichtlie agreed minimum discharge that has to be
released to the Mozambican territory. Irrigatiomstitutes the principal water demand. Domestic and
industrial water requirements were provided by DWVR009) study and the minimum transboundary
flow of 0.9n/s was obtained from the Water Use Agreement signéddesm Mozambique, Swaziland
and South Africa (TPTC, 2002). Irrigation water uggments were computed based on the FAO's
recommendations (FAO, 1997). The effective preath, i.e. the precipitation available in the doil

the plants, is one of the necessary componentth@iirrigation water requirements computation. We
computed the effective precipitation based on adipercentage approach (Smith, 1988). It consists o
determining the 80% probable rainfallggPand correcting for possible outfluxes due to flirand
percolation. As the main focus of this paper isctonpute the irrigation requirements for the worst
drought, instead of using thegoPthe average observed precipitation during theigho period was used

which is close to the /R

Groundwater modelling to develop a drought mitigatbn strategy

A numerical groundwater model was constructed &ess groundwater potential during the drought
period and to simulate the impacts of groundwalbstraction on the storage, water levels and base fl
reduction in the river. The most severe droughteoled within the study period was selected. The
groundwater model is based on the widely used ningekoftware MODFLOW (McDonald and
Harbaugh, 1983). First, a steady state model wastreated, with the objective of determining thiianh
conditions for the transient model. Second, a sfregltransient natural model was built with reajgon

a monthly scale representing the average monthlyarge for the drought period. The model consikts o
one layer representing the weathered and fractaed. A model grid cell of 1x1 khwas used, in line
with the course spatial data sets available. Ther rcatchment boundary was defined as the model
boundary, given the fact that the shallow groundwdlow is mainly discharged to the rivers in the

catchment.

Initial values of the recharge to the groundwatent the sub-catchments were computed by using the
Thorntwaite water balance model from the U.S. Ggiokd Survey (McCabe and Markstrom, 2007). The

water balance model was calibrated using the adail@ver discharge data from several sub-catchsnent

The MODFLOW Evaporation package parameters wererahied for each sub-catchment. The
evaporation surface is the same as surface elavafithe catchment. An extinction depth of 5 m, the

average root depth of pine and eucalypt treesgidle, 2002), was assigned for the forestry domnate
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sub-catchments, namely: Nelpsruit, White RivernBkand Kaap sub-catchments; the depth of 2 m, the
average root depth of grass roots under semi-amditons (Murphy, 2010) was assigned for Kwena,
Middle Crocodile and Lower Crocodile sub-catchmewtsich are mainly covered by savannas. The
reference evaporation provided by DWAF (2009) isigieed as the maximum rate of evaporation. The
River package was used to simulate groundwatehaliges to rivers as base flow. Finally, the mocdkt w
calibrated in the steady state manually to adjustgroundwater recharge using the available obderve

groundwater levels and the river discharges.

2.4. Scenarios using groundwater as an emergency source

As the objective here is to use the groundwatey @sl an emergency source, the existing drought
mitigation strategy of the catchment was taken @toount for the computation of the groundwater
abstraction needs. The existing drought mitigasivategy comprises the storage of surplus watemglu
the wet season) in dams and water transfers witi@rcatchment and from out of the catchment (Table
3). Only the storage of the major dams (storageaip> 1.0M n) are considered, these dams are
Kwena, Klipkopje, Longmere and Primkop dams withl fiorage capacities of 158.9Mpil1.9Mn7,
4.3Mnt and 2Mni, respectively.

It was assumed that the surplus water of the waasewill be stored in dams and further used irdtlye
period (useful water surplus - UWS). This usefutewasurplus was obtained by subtracting evaporation
from the dams from the water surplus and applyingduction factor of 0.7 to take into account the
losses in the river channel. Thus, for each subhoa¢nt, the groundwater abstraction need was cadput
using equation:

GWN=WD-UWS+TouTin (2.2)
GWN - groundwater abstraction need (Riyn);
WD; - initial water deficit (Mni/yr);
UWS - useful water surplus (Mifgr);
Tou - the water transferred out of the catchment fmm and

T, - the water transferred in to the catchment Wrm

The water to be abstracted from the groundwaterspércatchment corresponds to the groundwater
abstraction needs. Based on the amount of grouedwhstraction needs, a number of wells were placed
over the sub-catchments based on the topograpephear cities and irrigation areas were alsoget

for the well locations. Rock formations with highgsrehole yield were also used as a criterion tier t

well locations; however, in many cases it was rassgble to avoid placing wells in low borehole giel
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regions as these were found to be the most domfoamiation in the sub-catchment, for instance, the
White River. Then model simulations were performed to test wdrethe amounts of water can be
abstracted. Finally, for an extremely severe drouglore severe than the most severe drought regjiste

in the last 50 years, model simulations were cdroigt for different scenarios. For such a seveoegint
precipitation would be less, consequently rechargeld be reduced and water demand would be higher.
Therefore, four simulation scenarios (Table 4) wanaposed where baseline recharge (between 1992 and
1995) was reduced and well abstractions lineartyeiased. These scenarios of recharge values mimic

extremely severe drought conditions.

3. Results and discussion
3.1. Results of drought classification

Drought classification over time

The results of the SPI and SRI of 12-month scadkcated that droughts occurred during 1966, 1978,
1983, 1992-1995, and 2003-2004 (Figure 3). In otiends, in 50 years from 1960 to 2011, 6 droughts
occurred. Results of the drought severity for EtaRdser sub-catchment (station X2H015) and Croeodil

catchment outlet (X2H016) are shown in Figure &xasmples.

Three severe droughts occurred in 1983, in 199%.188d in 2003-2004. These droughts were also
noticed in most of South Africa and neighbouringimvies. The most severe one was the 1992-1995
drought, it lasted for around 4 consecutive ye@hds drought can be classified as severely dry as a
meteorological drought and extremely dry as a hydjioal drought. It appears from Figure 4 that the
severity of meteorological drought (SPI) used tahigher than the severity of the hydrological diatug
(SRI) before 1975. But after 1975 the hydrologidedught severity is higher than the meteorological
drought severity. This can be explained by thedasing abstractions of water from the rivers for

agricultural, domestic and industrial consumption.

Drought classification over the catchment

Figure 5 presents the 1992-1995 meteorologicalghibseverity over the Crocodile catchment. Figure 6
shows the variability of the drought index (SPIyidg the drought duration over the catchment. Tlog p
shows for each station the minimum, maximum, stethdaviation and average SPI (drought intensity)
during 1992-1995.

The more severe droughts occur in the upstreandawdstream areas of the catchment while the middle
part of the catchment presents low drought sevesityilarly, the upstream and downstream precipitat

stations present high variability of the drouglder reaching very high and very low values of Sl
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maximum value of SPI reached in this drought wa$ iB two stations upstream and one station in
downstream. On the other hand, the stations imikielle part of the catchment present less varigof

SPI during the drought duration where the maximahe of SPI was around -2.5.

The variation of the hydrological drought sevefily each sub-catchment is shown in Figure 7. Fi@ure
shows the variability of the hydrological drougimdéex during the drought duration over the entire
catchment; it follows the same spatial pattern afiation as for the meteorological drought intgnsit

presented in Figure 5.

The hydrological drought severity does not depeamigl on amount of rainfall; it was also affectedthg
amount of water abstracted from the river. Themfaub-catchments with less rainfall and high water
requirements are the most affected by droughts. ikstance, the Kaap catchment (gauging station
X2H022) and the Lower Crocodile catchments (gaugtagion X2H016), which are located in low
rainfall regions and have very high water requiretsgare the most vulnerable to droughts and ptesen
high drought severity, -90.7 and -103.1 for the koWCrocodile and Kaap, respectively. On the other
hand, the Kwena sub-catchment is the less affdptete hydrological drought, the hydrological drbtig
severity is around -22.4. It has less water requar@s, in addition its discharge station (X2HO79) i
located downstream of the major dam of the CroeoRiiver (the Kwena dam). Therefore, the dam's
operation to keep the flows in regulated levelsetbgr with the low water requirements contributes

significantly to its low vulnerability to droughts.

The hydrological drought severity on the other $mglktream catchments, such as stations X2H012,
X2H008, X2H068 are more dependent on precipitati@m the other hand, the severity on the
downstream stations which drain bigger areas (XZ1002H022, X2H016) are not only affected by
precipitation but also highly affected by the iresed water abstraction from the river for irrigatio
domestic and industrial use, thus presenting veigh hvalues of hydrological drought severity.
Accordingly, most upstream discharge stations Hagse variability on the SRI, and the downstream
stations present high variability of SRI and highlesught intensity. The maximum SRI reached by most
upstream sub-catchments is -2.1 and the maximumr&hed by the downstream stations is -3.2. It

seems that the sub-catchment water transfers daanetmuch influence on the drought severity.

3.2. Water deficit and groundwater abstraction
The total water available versus water demand émwthole catchment since 1960 is presented in Figure

9.The total irrigated area in the Crocodile Rivatcbment is 466.5 khwhich correspond to around 4.5%

10
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of the catchment. The main crops are the sugarvagetables and citrus occupying about 44%, 31% and
20% of the total irrigated area, respectively. Tamaining 5% is occupied by maize which is mostly
cultivated in the upper region. Results of thegation water requirements per sub-catchment are
presented in Table 5. The sub-catchment which ptedbe highest demand in terms of irrigation & th
Lower Crocodile; it demands around 50% of the totéation requirements in the catchment and it is
part of the driest area of the catchment. The tianaof the irrigation water demand over the ydag(re

8) does not change according to the season, aspgnds on many factors, mainly precipitation,
evaporation and crop type. The crop factor varieth ihe crop type, cropping pattern and plant
development, for instance, the vegetables are plalyted in winter (between March and August) thus
requiring water only in this period, while sugameaexists in the whole year but requires more water
during the hot season. Therefore, there is no letiwa with evaporation or temperature for the ltota
irrigation water demands. However, it can be ndbked despite the low evaporation between April and
September, the average irrigation water requirenteming this period is slightly higher than the
irrigation average water requirement during Octobed March. This is mainly due to the low

precipitation in this period that coincides witle tlow temperature season.

The annual domestic and industrial water requiresnenthe Crocodile catchment are 95 fn and
22.4 Mnilyr, respectively, (DWAF, 2009). The Water Use Agrent (TPTC, 2002) signed between
Mozambique, South Africa and Swaziland stipulateat the Incomati River should maintain a minimum
flow of 2.6 m/s average of a 3 days period in Ressano GarciaM@ambique). Thus, they
recommended that a minimum of 1¥snshould be maintained by the Crocodile River antl ni/s
should be maintained by the Komati River systeme Bhnual water requirements for domestic and
industrial supply were distributed equally per niom@ind per sub-catchment. The transboundary flow
requirement was distributed per sub-catchment baseithe percent distribution of annual discharge of
each sub-catchment and further distributed eqyaiymonth.

Results of the water deficit computation (Tablesbpw that the most stressed sub-catchments are thos
located in the downstream area where precipitasidower, evapotranspiration is higher and havéig
irrigation water demand. The upper catchments Kwamd Elands did not present any water deficit in
this period due to low water requirements. Thel totter deficit of the catchment, in the droughtipe,

is estimated to be to 159.8 Miyr.

A water surplus in the wet season of around 57.1%Wmwas obtained for the Kwena and White River
catchments. Results show that, the use of theimxisrought mitigation plan (see Table 3), roughly,
would reduce the water deficit from 159.8 Mto 97 Mn?, a reduction of 40%. This shows the critical

11
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importance of using an additional source of wabecdpe with this hazard - a key role that grounéwat

resources could play. The groundwater requirenfentsombating drought are listed in Table 5.

3.3. Results of groundwater modelling

The calibration of the steady groundwater flow madsulted in a good agreement between measured
and computed groundwater levels withd? 0.96 and Nash Suitcliffe efficiency of 0.97 (&g 10). The
simulated base flow per sub-catchment fits the mfesebase flow (Table 6), which was separated using
the HYSEP software (Sloto and Crouse, 1996) Theaewdtarge represents the actual recharge; it is the
recharge from precipitation plus the river leakag® the groundwater storage minus the evaporation
from the groundwater storage. During the droughiopethe total net recharge for the whole catchment
was found to be 529 Mttyr which correspond to 50 mm/yr, around 8% of tibial annual precipitation
during the drought. According to the groundwatedgtwhich covers the Crocodile area (WRC, 2005),
the long term annual average recharge in the Ciecaditchment is around 77.9 mm/yr which
correspond to 9% of the long-term average rainfiathe region. Thus, the percentage of recharga fro

precipitation of this research and the (WRC, 206)ly are very close.

The calculated groundwater level contour lines gahe follow the topography of the catchment.
Groundwater level is deeper in the high mountaiitiiwthe catchment and shallower in plane areas as
the downstream region. The river is mainly fed bg taquifer, only in few areas as in the higher
mountains the aquifer is fed by the river. Wateddmt results show that the principal input of watethe
groundwater storage is the recharge from precipitat(479.52Mni/yr). Evaporation from the
groundwater storage (120.26Myr) is low compared to the recharge given the flaat the groundwater

table is deep (> 5 m) in many parts of the catchimen

4. Feasibility of using groundwater as an emergency socce

4.1. Use of groundwater in a drought period (1992-1998rought)

Transient abstraction simulations were performedalgigning well abstraction rates equal to the
groundwater abstraction needs per sub-catchmeat lis Table 5 and showing in Figure 11. Results
show that if 97 Mm of water is abstracted per year, then river blse for the whole catchment would
reduce only by 3.1% (16.51 Mfgr), meaning that it is possible to use the grauater as an emergency

source for drought mitigation. However, lookingla results in a sub-catchment scale, the mosttatie

12
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sub-catchments in terms of reduction of base flas/,expected, are the drier sub-catchments: White
River, Kaap and Lower Crocodile. The most affedsethe White River with a base flow reduction of
18%. The other catchments present a base flow tieduaf around 8%. However, it is still feasible to
abstract water in these sub-catchments. The groatedwevels in Kwena and Elands sub-catchments do
not change because there are no abstractions $e theb-catchments while a maximum water table
drawdown of around 4m can be observed in the a#imhments where there are abstractions, except for

White River catchment where drawdown reach valfiesaund 20m.

4.2. Use of groundwater in case of extremely severe drought

Four scenarios of using groundwater in case ofeexty severe drought proposed in Table 4 were
simulated with the transient groundwater flow moddie model simulation period consists of 4 drought
years (taking 1992-1995 drought as reference) @b by 11 normal years. Groundwater is abstracted
during the drought years, but switched off durihg hormal years. The monthly stress period is tsed
consider seasonal variation of groundwater rechawpel simulation results were analysed for the
maximum drawdown and reduction of base flow and gamed the natural groundwater flow model, a
model where abstraction wells are not taken intmant. For the simulation scenario 1, the base flow
reduction is low; it varies between 2.4% to 8.6% tfte sub-catchments, except in White River where
base flow reduction is around 18%. In the mosteamfr situation of simulation scenario 4, base flow
reduction is higher: 12.2%, 12.5%, 20.1%, 11.3% 2hd % in Kwena, Elands, Kaap, Middle Crocodile
and Lower Crocodile, respectively. And even mucghbr in the White River and Nelspruit sub-
catchments where the base flow reduction is 28.8f%b %8.6%, respectively. Figure 12 shows the
decrease of groundwater levels for the observatielis located in White River as example. A maximum
drawdown of 1.2m, 3.5m and 10m was observed aftgle&s in Kwena, Elands and Kaap sub-
catchments, respectively, in the simulation scendti However, in sub-catchments White River and
Nelspruit the drawdowns are very high, and the waase is the White River. The drawdowns reach
values of 28m, 36m and 49m in simulation scendtjd® and 4, respectively after 3 year of abstrastio
This happens due to the fact that these two sudtnweegnts are mainly constituted by intergranular and
fractured aquifer type with low permeability. THisgh drawdown besides affecting the agricultural
activity causes a decrease in the river flows, ttediicing the water availability to less than 5096 i
simulation scenario 4 for the White River catchm@se Figure 13). Briefly, results of the abstiacti
simulations for the different scenarios show timatriost of the sub-catchments it is possible tothsee
groundwater water for drought mitigation in caseestremely severe droughts. Groundwater levels

would recover back to pre-drought situation wheremyancy wells are switched off after the drought.

13
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However, groundwater exploitation in White RiverdaNelspruit sub-catchments is limited due to very

high drawdowns and, consequently, high river fleduction during the drought.

5. Conclusions

Several severe droughts occurred in the Crocodilehenent over more than 50 years from 1960 to 2011.
The most severe drought was the 1992-1995 droiigktre are spatial difference in drought severity an
intensity. The lower and upper catchments shah heteorological drought severity, while the méld|
catchment shows low meteorological drought severfitye hydrological drought severity is not only
affected by metrological drought, but also affedigdthe human interventions on the catchment. Thus,
the hydrological drought severity is higher in thest water stressed sub-catchments, such as the Kaa
and Lower Crocodile and is lower in the less wategssed catchments such as Kwena where the flows
are regulated by the Kwena dam reducing the sgvefitdroughts. It was found that before 1975's the
meteorological drought severity was higher thanhyadrological drought severity. On the contraryeaf
1975's the hydrological drought severity is highwan the meteorological drought severity. Thistshif
could be due to increased water consumption incéttehment by forestry, irrigation and domestic use

over time.

The water balance study of the catchment showsthibabtal water deficit during a severe droughtls

as 1992-1995 drought) amounts up to 159.8*Mmand the most stressed sub-catchments aredtiverL
Crocodile, Kaap, White River, Nelspruit and Middleocodile. Taking into account the existing drought
mitigation plan (water storage and inter-basin dfars) this water deficit reduces only by about 410%
97Mn?/yr. This shows that it is important to considee tse of groundwater to mitigate the droughts.
Groundwater abstraction simulation reveals thas possible to use the groundwater as an emergency
source of water to mitigate the drought hazardhéCrocodile River catchment. In general, the Kaap
Middle Crocodile and Lower Crocodile sub-catchmeans most feasible for groundwater exploitation
while the groundwater exploitation in Nelspruit anthite River catchments is restricted due to higarr
flow reduction and high drawdown during the drought

This case study demonstrates that conjunctive wagmagement of groundwater and surface water
resources is necessary to mitigate the impactsrofigthts. This needs a multi-methods approach
including coupled modelling of surface water andupdwater fluxes, where the detailed geological
features of the study area are taken into accasnell as a long time series of groundwater |lewligh

are crucial for the good model calibration.

14



© 00O N o o~ W DN PP

10
11
12

13
14

15
16

17
18

19
20

21
22

23

24
25
26

27
28
29

Acknowledgements

We gratefully acknowledge the partial funding fbe tfield research and paper writing provided throug
the RISKOMAN and the RISKOMAN-GAM projects fundeqd DGIS/UNESCO-IHE Programmatic
Cooperation (DUPC). The additional support for amémy this manuscript from DEWFORA project
which is funded by the Seventh Framework PrograrfondResearch and Technological Development
(FP7) of the European Union (Grant agreement n6424) is also thankfully acknowledged. We are also
very grateful to the groundwater department of DW@&Fepartment of Water Affairs and Forestry),
SAWS (South African Weather Service) and ICMA (In@di Catchment Management Agency) in South

Africa for the data provided.

References
Alliance, T. L.: Longleaf pine root system: httpaw.auburn.edu/academic/forestry_wildlife

/longleafalliance /ecosystem/longleaftree/longles8.htm, 2002.

Baron, J., Seward, P., and Seymour, A.: The GroatelwHarvest Potential Map of the Republic of
South Africa, Department of Water Affairs and FongsPretoria, Gh 3917, 1998.

Baykan, N. O., and Ozcelik, C.: Management of dnbu@/ater resources management: Risks and

Challenges for the 21st century, Turkey, 2006.

DWA: Water Requirements and Availability Reconditim Strategy for the Mbombela Municipal Area,
Department of Water Affairs, Pretoria, South Afi2@13.

DWAF: Groundwater Resources Assessment Il - Reeh@aimgal Report, Department of Water Affairs
and Forestry, South Africa, 2006.

DWAF: Hydrology of the Crocodile River Departmeritvater Affairs and Forestry, Pretoria, South
Africa, PWMA 05/X22/00/1508, 2009.

FAO: FAO Land and Water Bulletin, Rome, 1997.

Fischer, S., Witthiser, K., Birke, M., Leyland, d@chneider, R.: M. Regional description of the
groundwater chemistry of the Kruger National P#KkP) using multivariate statistics, Groundwater
Conference 2009, Somerset West, South Africa, 2009.

Fischer, S., Witthiser, K., Birke, M., Leyland, Bnd Schneider, M.: Describing the groundwateresgst
of the Kruger National Park (South Africa) on ttesis of hydrogeochemical methods and multivariate

statistical algorithms, Schriftenreihe der DeutscBesellschaft flir Geowissenschaften, Germany,.2010

15



10

11
12

13
14

15
16
17

18
19

20

21
22
23

24
25

26
27

28
29

Fundisi, D., Riddell, E. S., and Lorentz, S. A.:ddglogical connectivity in selected pristine catents
in the Kruger National Park 16th SANCIAHS Natioffldrology Symposium University of Pretoria,
South Africa, 2012.

GRIDMAP, 2014. Groundwater Resources Investigation for uBmd Mitigation in Africa.
http://www.unesco.org/new/fileadmin/MULTIMEDIA/FIELD/Nabi/pdf/GRIDMAP%20Flyer.pdf

Guttman, N. B.: Comparing the Palmer Drought Inded the Standardized Precipitation Index, JAWRA
Journal of the American Water Resources AssociaB4n113-121, 10.1111/j.1752-1688.1998.tb05964.x
, 1998.

Leyland, R. C., Witthiser, K. T., and CommissionASW. R.: Regional Description of the Groundwater
Chemistry of the Kruger National Park, Water Rese&ommission, 2008.

Loucks, D., and Beek, E. v.: Water Resources systliamning and Management - An Introduction to
Methods, Models and Aplications, United Nations &ational, Paris: Unesco-IHE, 2005.

Lynch, S. D.: Development of a raster databasanfial, monthly and daily rainfall for Southern Afi
Water Research Commision, Pretoria, South Afri€a2003.

MacDonald, G. M.: Severe and sustained droughbinthern California and the West: Present conditions
and insights from the past on causes and impace@ary International, 173, 87-100,
10.1016/j.quaint.2007.03.012, 2007.

Management, W. S.: Water Resources Situation Asssags Ground Water Resources of South Africa,
Department of Water Affairs and Forestry, Preta2iz01.

Matheron, G.: Principles of Geostatistics, Econo@émlogy, 58, 1246-1266, 1963.

Mauritius, A., Dorsch, C., Africa, G. A., DevelopnteP. S. a., and Consulting, R. f. A. E.: Baseline
Evaluation and Scoping Report, Progressive Reglisaibf the Incomaputo Agreement (PRIMA), South
Africa, 2010.

McCabe, G. J., and Markstrom, S. L.: A Monthly WeBalance Model Driven By a Graphical User
Interface, USGS2007-1088, 2007.

McDonald, M. G., and Harbaugh, A. W.: A modulareidimensional finite difference groundwater flow
model, US Geological Survey, 83-875, 1983.

McKee, T. B., Doesken, N. J., and Kleist, J.: Télation of drought frequency and duration to time
scales, Eighth Conference on Applied ClimatologgaAeim, California, 1993,

16



10

11
12
13
14

15
16

17

18

19
20

21

22
23

24

25

26

27
28

Mishra, A. K., and Singh, V. P.: A review of drougloncepts, Journal of Hydrology, 391, 202-216,
http://dx.doi.org/10.1016/j.jhydrol.2010.07.012010.

Murphy, S. R.: Tropical perennial grasses — rogtlig growth and water use efficiency Primefact,(0

Niekerk, A. V., Nel, J., and Riddell, E.: Concepiziag groundwater distribution over different st
and geological scales using electrical resistipityfiles within the Kruger National Park, 16th
SANCHIAS National Hydrology Symposium University Bfetoria, South Africa, 2012.

Nonner, J. C.: Introduction to hydrogeology, CR@43r Taylor and Francis group, Leiden, The
Netherlands, 2010.

Palmer, W.: Keeping Track of Crop Moisture CondispNationwide: The New Crop Moisture Index,
Weatherwise 21, 156-161, 10.1080/00431672.1968818821968.

Pavelic, P., Srisuk, K., Saraphirom, P., NadeePBolkern, K., Chusanathas, S., Munyou, S.,
Tangsutthinon, T., Intarasut, T., and Smakhtin,Balancing-out floods and droughts: Opportunites t
utilize floodwater harvesting and groundwater sgeréor agricultural development in Thailand, Jolrna
of Hydrology, 10.1016/j.jhydrol.2012.08.007, 2012.

Rockstrém, J.: Resilience building and water denraadagement for drought mitigation, Physics and
Chemistry of the Earth, Parts A/B/C, 28, 869-81¥.1016/j.pce.2003.08.009, 2003.

SADC, 2014. Groundwater and Drought Management Projecp://atthive.iwlearn.net/www.sadc-
groundwater.org/

Shukla, S., and Wood, A. W.: Use of a standardimedff index for characterizing hydrologic drought,
Geophysical Research Letters, 35, L02405, 10.10291032487, 2008.

Climate indices: http://icdc.zmaw.de/climate indideml|?&L=1, 2012.

Sims, A. P, Niyogi, D. d. S., and Raman, S.: Adaptrought indices for estimating soil moisture: A
North Carolina case study, Geophysical Researdetlset?9, 24-31, 2002.

Sloto, R. A. and Crouse, M. Y.: HYSEP: a computer moyrfor streamflow hydrograph separation and
analysis, US Geological Survey Water-Resources Investigatiepsrf96-4040, p. 46, 1996.
TPTC: Interim IncoMaputo Water Use Agreement, Triijp@ Permanent Technical Committee, 2002.

Vegter, J. R.: Groundwater Resources of the Repoblsouth Africa — Sheet 1 and Sheet 2, Water

Research Commission, South Africa, 1995.

17



10
11
12
13

14

15

16

Werick, W. J., Willeke, G. E., Guttman, N. B., Hogl J. R. M., and Walllis, J. R.: National drougtiis
developed, Eos, Transactions American Geophysicair) 75, 89-90, 10.1029/94e000706, 1994.

Willeke, G.: The National Drought Atlas, U.S. Arr@prps of Engineers, Water Resources Support
Center, Institute for Water Resources, 1994.

WRC: Water Resources of South Africa, Water Rese@amission, Pietermaritzburg, K5/1491, 2005.

Zaag, P.v. d., and Vaz, A. C. Sharing the Incomaters: cooperation and competition in the batanc
IWA Publishing 5, 349-368, 2003.

Zargar, A., Sadiq, R., Naser, B., and Khan, FA keview of drought indices, Environmental Reviews,
333-349, 10.1139/a11-013, 2011.

Zhou, Y., Wang, L., Liu, J., and Ye, C.: Impactdobught on groundwater depletion in the Beijing

Plain, China, in: Climate Change Effects on GrouattwResources: A Global Synthesis of Findings and
Recommendations, edited by: Treidel, H., MartindBs, J. L., and Gurdak, J. J., CRC Press. Hardback,
2011.

18



~N o o B~ W N

Lists of Tables

Table 1 -List of used data sets

Table 2 -SPI or SRI classes

Table 3 -Water transfer in the Crocodile catchment

Table 4 - Abstractions simulation scenarios

Table 5 -Irrigation water requirements and water deficit pelp-catchment for the 1992-1995 drought

Table 6 - Groundwater model calibration results

19



1

Table 1 -List of used data sets

Precipitation stations

Station name | Station number | Start year| End year % bmissing data
Alkmaar 0555567 W 1940 2012 0.0
Oorschot 0518859 W 1940 2000 0.0
Elandshoek 0517816 W 1940 2000 3.3
Rietvallei 0555441 W 1940 2001 5.0
Machadodorp | 0517430 W 1940 2012 111
Kaapsehoop 0518455 W 1940 2000 28.3
Vlakplaats 0518186 W 1940 2001 4.9
Dullstroom 0554175 W 1940 2000 0.0
Mayfern 0556088 W 1940 2012 9.7
Weltevreden 0517762 W 1940 2012 4.2
Nelshoogte 0518589 W 1940 2012 4.2
Brooklands 0555405 W 1940 2012 14
Riverside 0557115 W 1940 2000 3.3
Witklip 0555673 W 1940 2012 0.0
Malelane 0556898 W 1940 2000 0.0
Krokodilbrug | 0557712 W 1940 2012 0.0
Uitsoek 0555137 W 1940 2012 16.7
Discharge stations

Boschrand X2H005 1960 2012 0.0
Sassenheim X2H008 1948 2012 2.8
Bellevue X2H010 1948 2012 0.0
Geluk X2H012 1956 2012 0.0
Lindenau X2H015 1959 2012 4.9
Ten Bosch X2H016 1960 2012 3.5
Dolton X2H022 1960 2012 7.5
Bornmans

Drift X2H031 1966 2012 5.9
Weltevrede X2H032 1968 2012 3.1
Witklip Dam | X2H068 1969 2012 0.0
Kwena Dam X2H070 1979 2012 0.0
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Table 2 -SPI or SRI classes

SPI or SRI range

Classification

SPI or SRk -2.0

Extremely dry

-2.0 <SPl or SRk -1.5 Severely dry
-1.5 <SPl or SRk -1.0 Moderately dry
-1.0 < SPlor SRk 1.0 Near normal
1.0<SPlor SRk 1.5 Moderately wet

1.5<SPlor SRk 2.0

Severely wet

SPI or SRE 2.0

Extremely wet

Source: (Sienz and Jahnke-Bornemann, 2012)
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Table 3-Water transfer in the Crocodile catchment

Transfer from Transfer to Amount transfer (Mm *yr)
Nelspruit White River 3.0

©) Sabie and Lomati Kaap 8.5

Middle Crocodile Lower Crocodile 25.6

©) Sabie and Lomati Lower Crocodile 6.0

Source: (DWAF, 2009), ” Outside the Crocodile

Table 4 -Abstractions simulation scenarios

Scenarios Recharge Wells abstraction
Simulation 1 Reduced in 10% Increased in 10%
Simulation 2 Reduced in 25% Increased in 25%
Simulation 3 Reduced in 50% Increased in 50%
Simulation 4 Reduced in 50% Increased in 100%

22




Table 5 -Irrigation water requirements and water deficit pelp-catchment for the 1992-1995 drought

Irrigation Water deficit before GW abstraction needs after
requirements applying existing drought | applying existing drought
Sub-catchment (Mm®yr) mitigation plan (Mm¥yr) | mitigation plan (Mm3/yr)
Kwena 6.43 0 0
Elands 12.47 0 0
Nelspruit 22.83 -8.1 11.0
White River 17.58 -35.5 27.0
Kaap 80.3 -12.8 24.0
Middle Crocodile 55.18 -15.4 10.4
Lower Crocodile 196.48 -88 24.6
Whole catchment | 391.27 -159.8 97.0

Table 6- Groundwater model calibration results

Recharge | Netrecharge | Simulated base| Observed base %

(Mm°3/yr) (Mm°3/yr) flow (Mm?3yr) flow (Mm %yr) Difference
Kwena 97.15 99.39 55.74 54.97 1.4%
Elands 141.78 162.90 127.25 126.18 0.8%
Nelspruit 103.73 102.45 45.09 45.19 -0.2%
White River 21.98 24.48 10.01 9.91 1.0%
Kaap 21.80 54.28 61.20 61.32 -0.2%
Middle 68.67 66.85 196.43 197.90 -0.7%
Crocodile
Lower Crocodile 21.98 18.67 32.87 32.56 0.9%
Whole 477.07 529.01 528.59 528.04 0.1%
catchment
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-6
-5
4
a -3
(%]
b0y e
|0 Rl
0 -
1
¢\$$$\$$$Q\$$¢\\$$$$$$
QRPN IS P 0GP DD PP S
[ /\5l /\‘b /\/\ '\ (,;\/ (,)V (,)V (,)b (,§’) ‘b <’) gb‘b bQ %‘b /\\ /\/\
Q(,)(‘) Q(o'\ 0(,)'\ Q(o\ 0(,)'\/ (,)(’) (9(9 (,)(‘) (9(9 <9<° Q(o\ (,)'\/ '\r 0(9(9 Q(,)(’) 0(9(9 0<,§’)

Precipitation station

1
2  Figure 6 Meteorological drought intensity during the 1992%%irought

30°1:.5'0"E 30"39'0"E 30"4:5'0“E 31"0;0"E 31"1:5'0"E 31°3P‘0"E 31“4:5’0"5 32°(3'0"E

w
DC) =1 . .
2 Legend
n A Gauge stations
; =l ——— Crocodile River
9 Drougth severity
%) SRI 12-month
=i [ ]|-758--224
o™
o [ -79.1--75.7
(o]
» | -801--792
g i [ | -86.7--80.2
= g | -103.0 - -86.8
w 1 I -103.1
=3
o =
o T T T T T T T T
(aV)
0 Scale bar
. 1992-1995 Hydrological drought
15 -
severity 0510 20 30 4(;(m
8

3
4 Figure 7 Spatial variability of the hydrological drought seiy during the 1992-1995 drought

28



Drought intensity, 1992-1995 drought
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2 Figure 10 Scatter plot of the computed and observed groundwater heads
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Figure 12 Simulated groundwater levels in well observation08232 at White river catchment
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