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Summary 

The report attempts to provide a conceptual outline for the de'vel,otllneJnt of indicators and 

indices to determine ground water condition and vulnerability · a ground water 

quantity perspective for the UN World Water Assessment Prol!ri.mrrte (WW AP). This 

work is a component of the work related to the water-related development 

activity ofWW AP. 

Groundwater systems typically are physically complex, and ch~ta<::teriza.tio:ns of such 

systems are further complicated with the general lack of Though 

groundwater contributes to about 30% of the total global 

general understanding about the resource as a whole is limited. 

The first step is to understand the physical groundwater system - hydrogeology. 

Given an understanding of the aquifer hydrogeology, the next is to determine how 

much the system can yield, compatible with the stability of the ~nt'!,• tv - the estimation of 

sustainable yield. 

The use of groundwater expands to irrigation as agricultural use, industrial water 

use, and for water supply. Use of groundwater can bring with it '"""""" ... '"' 

the system is not properly managed. The increasing trend of anltlt'j:>oc,~emc stresses on 

water resources systems has led to over exploitation of the .. ....,,,, ..... ,. 

vulnerable. Adequately assessing the vulnerability of groundwater .... ~, .. ....,,,., is particularly 

important, as it is usually very costly to restore the resource it reaches certain 

deterioration thresholds. 

In terms of groundwater quantity, over exploitation can lead to ilowered water table, 

saltwater intrusion and land subsidence. The vulnerability of an aquifer to 

ground water contamination is in large part a function of the su~;œ~lt)llt~ of its recharge 

area to infiltration. 

'' / ~· l) i:/: ~~ :/ j 
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This report provides a review of concepts and techniques to asts the ground water 

condition and vulnerability of aquifers with respect to gro . dwater withdrawals. 

Available indicators are reviewed, and indices proposed which i ay then be verified 

through the WW AP indicator test-bed studies. 1 

1 

An important aspect in the development of a composite index wil~ be the aggregation of 

the various indicators. 

The report provides conceptual proposais of developed method logies for subsequent 

testing in the WW AP process. 
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INTRODUCTION 

Analysis of the world water quantity reveals that ground constitutes about 

thirty percent (Chow, et al., 1988) of the world's fresh water resc:llrc:;es. This amounts to 

-about 10.5 million km3 and though ground water is not a no1nre:ne·tvable resource, such as 

a mineral or petroleum deposit, it is neither completely rentewraaJie 

and time frame as solar energy. Recharge of ground water from tt'~'ctt>Itatt 

replenishes the ground water resource but may do so at much " ..... 11 • ..,. 

continually 

from days to thousands of years) than the rates of ....... ,......,,.... water withdrawals. 

Furthermore, both recharge and pumping from groundwater ..:.v..:.TP.,..:. vary with both space 

and time. Complex hydrogeologie settings marked with spatio-temporal stress 

patterns and typically limited data, poses considerable challenge understanding ground 

water systems and to develop long-term perspectives. Fostering · long-term perspective 

to the management of ground water resources is perhaps the 

the concept of ground water sustainability. 

So, how can we view ground water sustainability? Co:n'*ptu 

ground water system through time, a long-term approach to 

frequent temporary withdrawals from ground water storage 

, looking at the 

balanced by 

intervening additions to ground-water storage. However, the CC>flceJPt of ground-water 

sustainability and its application to real situations is and complex. The 

effects of many human activities on ground water 

environment need to be clearly understood. 

The priorities for sustainable groundwater should address: 

(1) sustainable long-term yields from aquifers; (2) effective 

water stored in aquifers; (3) preservation of ground-water -.--·---... 

aquatic environment, conservation of streamflows and sustained by 

groundwater by prudent abstraction; (5) integration of ground 

into a comprehensive water and environmental management QIV<~TP1n 

IAH, 1999). Thus groundwater sustainability is therefore linked the concept of ground 

water over exploitation. Severa! terms have been commonly with ground water 
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sustainability and over exploitation, safe yield, ground-water ~ining and overdraft, 

among others. / 

Definitions of selected terms and concepts necessary to ~valuate ground water 

condition and for the development of ground water related +lnerability indices is 

outlined in the following sections. This report outlines a con~ptual framework for 

developing indices to fit into the overall methodological fram~ork of indicator and 

index development of the World Water Assessment Programme q"WAP). The objective 

is to develop a set of criteria to evaluate the susceptibility of aqui ers to over exploitation 

- ground water quantity. Induced pollution due to over exploita on will be investigated 

in a subsequent report. 

DEFINITIONS and CONCEPTS 

A number of terms have been used in literature to desc1be the concept of over 

exploitation, and pertinent concepts necessary for indicator de elopment are reviewed 

and discussed in this section. 
1 

Safe Yield: (Domenico and Schwarz, 1990). The objecti~ of many ground water 

resource investigations is to determine how much water is ~vailable for pumping. 

Frequently, this is interpreted as the maximum possible pump~ng compatible with the 

stability of the supply. Lee (1915) first introduced safe yield 's the indicator for this 

maximum use rate. Lee defined safe yield as the limit to the ql' tity ofwater, which can 

be withdrawn regularly and permanent/y without dangerous pletion of the storage 

reserve. This definition was expanded by Meinzer (1923) who efined safe yield as the 

rate at which water can be withdrawn from an aquifer for hun+n use without depleting 

the supply to the extent that withdrawal at this rate is no longer ~conomically feasible. 

Though Lee and Meinzer points out about dangero+s depletion levels and 

economie feasibility, it does not provide how the rates are be determined or what 

should be the magnitudes. Conkling (1946) attempted to sp ify the conditions that 

constitute a safe yield. It was described as the annual extracti of water that does not, 
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where, Q(t) is the total rate of groundwater withdrawal; R(~ is the total rate of 

groundwater recharge to the basin; D(t) is the total rate of grounfwater discharge from 

the basin; and dS/dt is the change of storage in the saturated zon~ of the basin. Given a 

situation where the pumping rates are increasing continuously, an .. nstable situation may 

arise where the declining water table reaches a depth below 1 which the maximum 

groundwater recharge rate can no longer be sustained. After t is state, same annual 

precipitation rates will not be able to provide the same percenta of infiltration to the 

water table. The value of Q at which such instability occurs has en referred to as the 

maximum stable basin yield. 

As an indicator it would be necessary to look into the exte~t to which a basin has 
' 

been developed as a fraction of the maximum stable basin yield, u~ing the historie trends 

in groundwater development for the given basin. This concep~ also emphasizes the 
1 

important interrelationships between groundwater flow and surfate runoff. However it 

should be recognized that though conceptually it is a pertinent toice, determining its 

value is not a simple task. i 

Stabiliution Time: Considering fur example, a homogen~s, isotropie confined 

aquifer and using dimensional analysis a Fourier number (NFo) .an be derived for ali 

unsteady flow problems, and is expressed as (Domenico and Sch4z, 1990), 
1 

! 

TjS 
= 

L2 /te 
(2) 

where, T is the transmissivity of the aquifer [L 2r 1 
], S is the sto ge coefficient of the 

aquifer, L is sorne characteristic length of the aquifer [L ], and te sorne characteristic 

time [T]. Equation (2) can be used to calculate the equilibrium ti e required for a basin 

subject to unsteady conditions. Based on empirical observations~~ Custodio (1992) has 

reported values of NFo varying between 0.5-2.5. By knowing th basin geometry and 

aquifer characteristics, and using a representative value of NFo we calculate the time 

te required to attain equilibrium. That is the length of time during 'fhich the water levels 
1 

1 

' 
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and recharge/discharge in the groundwater system adjust to 

(after Custodio, 1992) provides a relationship between 

geometry, aquifer type and aquifer properties. Rearranging Eq. (2) 

t = e 

steady state. Figure 1 

time, aquifer 

(3) 

Thus from Eq. (3) it is evident that when the hydraulic diffusivity ratio oftransmissivity 

to storage coefficient) is low and the aquifer is large, to attain 1 uilibrium may take 

thousands of years (refer to Figure 1). So the stabilization time ma· be used as a measure 

of the vulnerability of the ground water system from the water quantity 

viewpoint. 
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Figure 1 

10·~---------'---------

Unconflned (S..0.11 

103 

AOUIFER SIZE llcml 

Time for stabilization of drawdown (in years) in a~ aquifer after a sudden 

change in the water balance, according to size (L, ~n km) and as a function 

oftransmissivity (T, in m2/day) and the storage c~fficient (S); (after, 

Custodio, 1992). 
1 

1 

i 

Aquifer Geometry and Types: Aquifur geometry both ~pes and size cao vary 

from isolated small weathered pockets on basement rocks to l~ge sedimentary basins. 
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The volume of the aquifer and hence its saturated thickness is the key parameter in 

determining the volume of water stored in the formation. The of the aquifer 

provides a measure to what extent an aquifer will be affected by 

completeness a brief description of the different aquifer types is ..... , .... ,.,,.,....., 

Groundwater occurs in aquifers under two different ,...,. ... ..:~.,t • .,. ... , 

partly fills an aquifer, the upper surface of the saturated zone is to rise and decline. 

The water in such aquifers is said to be unconfined, and the aat1tl:ers are referred to as 

unconfined aquifers. Unconfined aquifers are also widely retierh~d 

aquifers, and at the water table the pressure is equal to the atnldsPht:~ri·tc pressure. Any 

confining layer above it does not restrict the unconfined aquifer, 

is the water table, which is free to rise and fall. Where water '-'Vll&/Jl~~~'l'l fills an aquifer 

that is overlain by a confining bed, the water in the aquifer is 1 confined state. Such 

aquifers are referred to as confined aquifers or as artesian aquifers.l 

In many hydrogeologie settings the confining beds contrib te leakage flux to the 

adjacent aquifer(s). Such aquifers are referred to as leaky aquifers., e leaky aquifers are 

sometimes called as semi-confined or leaky confined aquifer. As i-confined aquifer is 

a completely saturated aquifer which is bounded above by a se 

hydraulic conductivity than the main aquifer body), and below b a layer that is either 

impervious or semi-pervious. Though the confining bed is less rvious than the main 
1 

aquifer, horizontal flow in it is not negligible, and pumping will in+ce vertical flow from 

the semi-confining layer into the pumped confined aquifer. 1 

1 

IMPACTS OF GROUND W ATER DEVELOPMENT 

Ground water development has impacts on (1) flow to Jd from surface water 

bodies, (2) ground water quality- salt water intrusion, and (3) ~ound water storage-

land subsidence. ' 

Ground Water-Surface Water Interaction: As develop ent of land and water 

resources intensifies, it is weil understood that development of · ther ground water or 
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surface water affects the other (Winter et al., 1998). The inte+ions affect streams, 

lakes, and wetlands. The next brief review follows from USGS (1 ~9). 

Streams either gain water from inflow of ground water (~ining stream) or lose 

water by outflow to ground water (losing stream). Many streams d. both, gaining in sorne 
1 

reaches and losing in other reaches. Further more, the flow dir~tions between ground 

water ~d ~urface. water can also change seasonally: Thus, even ini/settin~s where streams 

are pnmanly losmg water to ground water, certam reaches ma~ recetve ground-water 

inflow during sorne seasons. ! 

Lakes, both natural and human made, are present in m4 different parts of the 

landscape and can have complex ground-water-flow systems ass,iated with them. Lakes 

interact with ground water in one ofthree basic ways: sorne receite ground-water inflow 

throughout their entire bed; sorne have seepage loss to ground ,jwater throughout their 
1 

entire bed; and others, perhaps most lakes, receive ground-wate inflow through part of 

their bed and have seepage loss to ground water through other arts. Lowering of lake 

levels as a result of ground water pumping can affect the ecos tems supported by the 

lake, diminish lakefront esthetics, and have negative effects on sh retine infrastructures. 

W etlands can be quite sensitive to the effects of ground ater pumping. Ground 

water pumping can affect wetlands not only as a result of pro~essive lowering of the 

water table, but also by increased seasonal changes in the altitud1 of the water table. The 

amplitude and frequency of water-level fluctuations thro~ changing seasons, 

commonly termed the hydroperiod, affect wetland characteriss;s such as the type of 

vegetation, nutrient cycling, and the type of invertebrates, fish, d bird species present. 

The effects on the wetland environment from changes to the droperiod may depend 

greatly on the time of year at which the effects occur. For e~mple, lower than usual 
! 

water levels during the nongrowing season might be expected ~ have less effect on the 

vegetation than similar water-level changes during the growin~ season. The effects of 
1 

pumping on seasonal fluctuations in ground-water levels ne4r wetlands add a new 

dimension to the usual concems about sustainable developm~ that typically focus on 

annual withdrawals (Bacchus, 1998). 1 
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The interaction between streams and ground water "'"'r,..,., are accounted in the 

calculation of sustainable basin yield. The interaction of water with wetlands 

should be followed up following the indicator report on P.f'L,~v~TP.tne. 

Saltwater Intrusion: Saline water intrusion is probably most common type of 

pollution problem in fresh ground water. Intrusion implies the ctiStlaœtnetlt or mixing of 

fresh water and salt water, and can result from several sources: encroachment of sea 

water in coastal aquifer, (b) inland connate sources, sea water e11trapped in geologie 

formations, (c) endorhic sources, and (d) irrigation retum The 

intrusion mechanisms however fall into three categories (Das 

(1) Reduction or reversai of ground water gradients, allows denser saline 

water to displace the lighter fresh water. This situation is cotmrtQP. in coastal aquifers in 

hydraulic continuity with the sea, and when pumping of disturb the natural 

hydrodynamic balance. 

(2) Destruction of natural barriers that separate fresh and 

would be the construction of a coastal drainage canal that .., .. ,~u·•..,. 

inland to percolate into a fresh water aquifer or accidentai 

act as natural flow barriers during construction processes. 

waters. ~~pies 

of formations that 

(3) Subsurface disposai of saline water such as into u•"'Jf'IIV"'' ... wells, landfills, or 

other waste repositories. 

Problems of saline water intrusion are acute not only in ""''~"';u aquifers, but also 

in many inland areas. The fundamental mechanism for mixing · the pressure difference 

or hydraulic gradient between fresh water and saline water when these two fluids 

are hydraulically connected. It is often the case that an is underlain by saline 

water and is separated from it by an impermeable stratum. of this natural 

barrier either during drilling operations, or by leakage through wells, or the 

development of a steep pressure gradient due to over pumping 

process. 

In this report the focus is on ground water quantity and u:· IOU<ceo pollution is more 

relevant to discussions related to water quality - ground quality condition and 

vulnerability. 
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Land Subsidence: Different geologie processes such as, .povements of tectonic 

plates, earthquakes, and fluid removal from the earth's surface can fause land subsidence. 

With respect to aquifer over exploitation it implies subside~ce due to excessive 

withdrawal of ground water. 

Mechanisms influencing land subsidence has been propo-ed by various authors 
1 

(Terzaghi, 1925; Theis, 1935; Biot, 1941; and Helm, 1982~ among others), and 
1 

discussions on these theories is beyond the present scope. Howe~er, the three important 

factors that influence land subsidence due to over pumping are: ~1) stratification of the 

aquifer, (2) combined thickness of aquitards, and (3) compressibilf of aquitards. 

To estimate land subsidence due to excessive ground wat. extraction typically a 

consolidation model is linked with a ground water flow model.[ In addition to models 

reported in individual case studies for example, Venice City <pambolati and Freeze, 

1973), Mexico City (Rivera et al., 1991), and Bangkok City (~, 1981), the USGS 

(United States Geological Survey) generic code MODFLOW (MtDonald and Harbaugh, 

1988) can also be used for land subsidence computations. / 

1 

1 

GROUND W ATER INDICATORS 

One ofthe fundamental problems with the ground water!resource unlike surface 

water is that, the resource is not physically visible. Decision m~ers and society become 

aware of ground water management needs in most cases o'ly after ground water 

problems reach proportions where it is difficult and even in m+ny cases impossible to 

address effectively. Ground water indicators therefore should1j provide diagnostics to 

evaluate ground water condition and vulnerability and provide ~ means to appraise the 

ground water situation. In this report the focus is to address idpices and indicators for 

measuring ground water condition and vulnerability with a focus on ground water 
! 

. 1 

quanttty. : 

The indicators related to ground water condition are des,ned to evaluate existing 

ground water condition in the basin. The ground water vulrerability indicators are 

1 

1 
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designed to indicate how various factors influence the susceptibili · of aquifers and cause 

future problems to occur. Table 1 provides a list of potential varia 

evaluating the condition and vulnerability of ground water with 11 pect to ground water 

quantity. 

Table 1 List of potential variables to be considered in evaluating th~ condition and 
! 

vulnerability of ground water with respect to ground water ~uantity. 
i 

.1 

Ground Water Quantity 

NAME V ARIABLE(S) 
1 

CtmtiJ/Jœt Il 
Ground water reliance Annual average ground water withdrawals 

Annual average total withdrawals (surface and ground water) 

Ground water depletion Annual average ground water withdrawals 

Annual average baseflow 

Encroachment ratio Horizontal displacement of salinity front from a refer~ ce point 

Distance of control point from the reference point 

Subsidence ratio Maximum subsidence with respect to a chosen datum 

Minimum elevation of land surface with respect to che !lell datum 

y,~ 

Ground water level decline Hydraulic diffusivity 1 

Heterogeneity 

Annual recharge 

Volume of aquifer 

Salt water intrusion Hydraulic gradient 

Permeability 

Effectiveness ofhydraulic barriers 

Land subsidence Stratification of aquifer 

Total thickness of aquitards 

Compressibility of aquitards 
1 

Stabilization time Hydraulic diffusivity 

Characteristic length of basin 

Basin constant 

DATA 

Primary/Secondary 

Primary/Secondary 

Primary/Secondary 

Secondary/ Analyzed 

Primary/ Analyzed 

Primary/Secondary 

Primary/ Analyzed 

Primary/Secondary 

Primary/Secondary/Analyzed 

Primary/Secondary/ Analyzed 

Primary/Secondary/ Analyzed 

Primary/Secondary/ Analyzed 

Primary/Secondary/ Analyzed 

Primary/Secondary/Analyzed 

Primary/Secondary 

Primary/Secondary 

Primary/Secondary 

Primary/Secondary/ Analyzed 

Primary/Secondary/ Analyzed 

Primary/Secondary 

Empirical 
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Table 1 follows from the methodological framework for indicat~ development for the 

World Water Assessment Programme (Strzepek, 2001 ). Desc1ption of the variable 

names and their implications are discussed below. i 
J 

i 

Ground Water Reliance: Ground water reliance is cal~lated as the ratio of 

annual average ground water withdrawals to annual average to~ withdrawals (surface 

water and ground water). 1 

1 

Ground Water Depletion: Ground water depletion is ~fined as the ratio of 

annual average ground water withdrawals to annual average !fseflow, reflecting the 

extent that ground water use rates may be exceeding recharge. j 

1 

Encroachment Ratio: The encroachment ratio is def~ as the ratio of the 

horizontal dis placement of salinity front from a reference point ~ the distance of control 

point from the point of reference. 

Snbsidence Ratio: The subsidence ratio is defined as th~ ratio of the maximum 

subsidence with respect to a chosen datum to minimum elevatifn of land surface with 
1 

respect to a chosen datum (for example, the mean sea levet). 1 

1 
1 
1 

Ground Water Level Decline: The susceptibility of~ aquifer depends on 

several factors but the most important ones are hydraulic di{rusivity, heterogeneity, 

annual recharge, and volume of the aquifer. 
1 

1 

Salt Water Intrusion: From the mechanisms involved i~ salt water intrusion the 

susceptibility of an aquifer to salt water intrusion depends on/ the hydraulic gradient, 

permeability, and effectiveness ofhydraulic barriers. · 

i 
Land Subsidence: Compaction of the soil matrix a4d the susceptibility of 

! 

aquifers to fluid withdrawal depends on the stratification of a.uifer, total thickness of 

aquitards, and compressibility of aquitards. f 

1 16 



Stabilization Time: The stabilization time measures the ~e required to attain 

equilibrium from an unsteady state and the contributing factors ar1, hydraulic diffusivity, 

characteristic length of basin, and a basin constant ( empirical cons tnt). 
i 
l 
! 

DATA 

: 

An oudine of the data required to estimate the variables art given in Table 2 (note 

that all the data are not required in the present analysis). 

Table2 Principal types of data and data compilations requifd for analysis of 

ground water systems. 

Physital Framework li 
T opographic maps showing the stream drainage network, surfaC4 -water bodies, 

landforms, cultural features, and locations of structures and acti\1 ties related to water 

Geologie maps of surficial deposits and bedrock 

Hydrogeologie maps showing extent and boundaries of aquifers md confining units 

Maps of tops and bottoms of aquifers and confining units 

Saturated-thickness maps ofunconfined (water-table) and confi11 ed aquifers 

Average hydraulic conductivity maps for aquifers and confining units and transmissivity 

maps for aquifers 
1 

1 

Maps showing variations in storage coefficient for aquifers 

Estimates of age of ground water at selected locations in aquife~~ 

Byclrologie Budgets anet Stresses 

Precipitation data i 

j 

Evaporation data ! 

i 
Streamflow data, including measurements of gain and loss of s1eamflow between 

gaging stations 1 
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Hydrologie Budgets and Stresses (continued) ' 
i 

Maps of the stream drainage network showing extent of normally:1perennial flow, 

normally dry channels, and normally seasonal flow 

Estirnates of total ground-water discharge to streams 

Measurements of spring discharge 
j 

Measurements of surface-water diversions and retum flows 
f 

Quantities and locations of interbasin diversions i 
i 

History and spatial distribution of pumping rates in aquifers 
i 

Amount of ground water consumed for each type of use and spatj ~1 distribution of retum 

flows i 

Weil hydrographs and historical head ( water-level) maps for aqu • ~ers 

Location of recharge areas (areal recharge from precipitation, lo5l ~g streams, irrigated 

areas, recharge basins, and recharge wells), and estimates of recl • .rge 

1 

Cllemieal Framework l[! 
Geochemical characteristics of earth materials and naturally occll rring ground water in 

aquifers and confining units 

Spatial distribution of water quality in aquifers, both areally and ~thdepth 

Temporal changes in water quality, particularly for contaminareq or potentially 

vulnerable unconfined aquifers 

Sources and types of potential contaminants 

Chemical characteristics of artificially introduced waters or was' liquids 

Maps of land cover/land use at different scales, depending on sni dy needs 

Streamflow quality (water-quality sampling in space and till 1e ), particularly during 

periods of low flow 
1 
1 

(Source: Alley, W. M., et al., 1999) 

Furthermore, the data sources for a global assessment such as WW AP is diverse and 

to start ali possible data sources should be explored. In Table the possible data types 
1 
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have been mentioned. Data sources to calculate each of the vari les is presently under 

revtew. 

1 

METHODOLOGICAL APPROACH 1 

The variables used in the above section are used to ddfribe the condition or 

vulnerability of a ground water system. The first step is to assi~ classes to classify the 
1 

ground water system condition and classes to classify the ,~round water system 

vulnerability. Then intersection of these classes can be used to d ne both the condition 

and vulnerability of the ground water system. The three propos categories to classify 

the ground water condition are: (1) satisfactory ground water con ition, (2) ground water 

condition with less serious problems, and (3) ground water cond ion with more serious 

problems. The three proposed categories to characterize ground ter vulnerability are: 

(1) low, (2) medium, and (3) high. These two sets can be mbined to create the 

following spectrum: 

(1) Basins with satisfactory ground water condition and 

(2) Basins with satisfactory ground water condition and m~>.rt .. .,m 

(3) Basins with satisfactory ground water condition and 

(4) Basins with less serious ground water problem and 

(5) Basins with less serious ground water problem and m~lltUJm vulnerability. 

(6) Basins with less serious ground water problem and vulnerability. 

(7) Basins with more serious ground water problems and 

(8) Basins with more serious ground water problems and q,J ·~u•.uu• vulnerability 

(9) Basins with more serious ground water problems and 

(1 0) Data sufficiency threshold not met. 

Data sufficiency thresholds must be set for data for 

vulnerability categories (USEP A, 1997). The thresholds ensure sufficient data exist 

to make valid judgements. For example, both for the condition vulnerability data for 

19 



at least 50% (suggested cutoff, more analysis is necessary) ofthei/proposed indicators in 

each case should be available. Otherwise it would be concluded th~t data is insufficient. 

Categorization: The indicator components proposed at1ve are a first attempt, 

and through the proposed meetings and discussions in WWAP·jthe methodology will 

evolve over time. Assuming that with available data (primary, ~econdary or analyzed 

data) the values of the indicators (Strzepek, 2001) are computed,ithe key questions now 

cornes as to what thresholds to assign, and how to aggregate this' information to classify 
1 

and represent a basin in an appropriate category? The issu~ related to assigning 

thresholds and aggregation are discussed below. 

Thresholds: The determination ofthresholds depends on ~e spatial and temporal 
1 

scales of interest of the case in hand. For example, the ur of a fixed number 

1700 m3 /capita/year (Falkenmark et al., 1989) to conclude that a <funtry is water stressed 

is debated in discussions of water stress indicators. So it is diffic1t to assign such unique 

threshold levels. However, the problem can be addressed within ~ statistical framework. 

This is particularly important to assess the condition of the ~ituation in this case a 
' 

particular ground water system. Vulnerability assessment can be tne more objectively as 

the variables involved are physical attributes of the system, and t typically be assigned 

weights derived from sensitivity analysis. j 

Assessing Ground Water Condition: Following the thr~ proposed categories to 

define the ground water situation, (1) satisfactory ground wa~r condition, (2) ground 

water condition with less serious problems, and (3) ground wa~ condition with more 

serious problems. Analysis of the condition implies the evaluatiqn of the present state of 

the system. Evaluation of the present state requires knowledge·lof the evolution of the 

system with time. Thus to do a comprehensive analysis time-se+ data is essential. This 

however in ~Y cases. ~11 not b~ available. ~he three above ~entioned categories are 

proposed wtth the statisttcal notion of quarttles. The first c~egory would therefore 
1 

correspond to the lower 25th percentile (fust quartile), and l.e third category would 

correspond to the upper 25th percentile (third quartile). The: econd category would 

therefore full within the interquartile range. Once again, the , estion may arise, what 

1 
1 
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cutoff values would represent these quartiles? One of the obje~ives of the proposed 

indicator test-bed studies and the WWAP case studies would be,jto collate and analyze 
! 

data to setup sorne of the threshold values for the indicator variabl+. 

For example for the ground water reliance indicator, we ~ay assume that a value 

of 10% corresponds to the lower 25th percentile and hence values i ess than 10% (ratio of 

annual average ground water withdrawals to annual average to withdrawals < 0.01) 

would be placed in the first category. For the second catego the bounds may be, 

0.01 ~ ground water reliance ~ 0.025; and the third cate ory is defined by, 

ground water reliance > 0.25 (25%). Are these thresholds unique? ~e answer probably is 

no. The physical setting of the problem, and the spatio-temporal reales of the processes 

involved in addressing the specifie problem govem these thr~holds. However after 

several well-focussed case studies sorne generalizations may be d ·ved. 

To estimate the quartiles time series data will be necess , and from the start of 

the indicator development process effort has to be made to obta. time series data from 

primary and secondary sources or to derive them through analysi for example statistical 

and numerical modeling. 1 
1 

For the ground water depletion indicator, the assumed reshold for the three 

aforementioned categories respectively, are less than 25%, 25 0%, and greater than 

50%. 

The indicator for salt water encroachment ratio depends · n the salinity levels of 

interest for a given use of the water. Once the primary use of w er in the study area is 

known, the critical concentration level for that use can be id · tified. Critical salinity 

concentration levels for different uses are in general weil esta ·shed. For example, if 

ground water is being used as a primary supply for drinking wa~, it would be of interest 

to observe the rate of movement of the 300 mg/L or the 600 m~ chloride concentration 

contours. It has to be borne in mind that this measure is relat to the implications on 

ground water quality due to ground water extraction. To calcula this ratio the distance 

of the fronts from the control points is also necessary. The esholds for the three 

categories respectively may be assumed to be, less than 25%, 2 -50%, and greater than 

50%. 
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Land subsidence due to ground water over eXJ>lOJttatioJt has implications for 

flooding and infrastructural damage. From topographical data it · 

minimum elevation of the locations or control points with to a chosen datum for 

example, the mean sea level (msl). As such damages can be the applicable 

thresholds should account for a high factor of safety. To start the thresholds for 

the indicator subsidence ratio for the three condition categories 

25%, and greater than 25%. 

It should be understood that these threshold levels to an are arbitrary, and 

as mentioned earlier the WW AP process will help to iteratively P"l'1••""" 
i 

The thresholds described in this section are summarized in Table 3 1 

Table3 Proposed threshold levels for the ground water con~tion indicators. 
! 

GROUND WATER CONDI1 ION 
INDICATOR NAME 

Satisfactory less serious problems J wre serious problems 

Ground water reliance < 1 00/o 10-25% 1 >25% 
1 

Ground water depletion <25% 25-50% ~ >50% 

Encroachment ratio <25% 25-500/o >50% 

Subsidence ratio <10% 10-25% 
l 

>25% 

Assessing Ground Water Vulnerability: Ground water vultrability assessment is 

based on the physical setting of the ground water system. In sorne ~a ys determination of 

the vulnerability of an aquifer can be done more objectively. fresent knowledge is 

significantly advanced to understand the dynamics of the ground 1ter flow system under 

different hydrogeological settings and the sensitivity of the differe~t parameters involved 

in understanding the physics of ground water flow. Depending onj the physical situation 

different weights can be attributed to the variables to describ~ its influence on the 

susceptibility of an aquifer when subjected to stress. Vrba and Za~· rozec (1994) provide 

a detail review of ground water vulnerability mapping with re ect to ground water 

contamination. Description on each of the variables and their infl ence on ground water 

vulnerability are given below (Adams and Macdonald, 1995). 1 

' 
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{1) Ground water leve/ decline: though it depends on 

variables considered are given in Table 1. Hydraulic diffusivity Uetine:d 

transmissivity (T) · to storage coefficient (S) is directly ,.,. .. _.,,,.,.,.. ........ ... 

water that an aquifer can yield. So a higher values of hydraulic qurustv11ry would make 

the ground water system more susceptible to water level declines. 

Similarly heterogeneous systems are more vulnerable 

water systems. Following the classical definition of nel~r<>ge:nettyllthere is no such thing 

as a homogeneous formation as ali geologie formations to an 1 extent exhibit spatial 

variation in hydraulic conductivity values. So heterogeneity has addressed within 

However, for 

is independent 

assumed to be 

CU .. ~U1~ in severa! cases to 

statistical framework using modes of probability density 

operational reasons if it is assumed that the mean hydraulic IA/11"""''"'u 

of position within a geological formation, the formation 

homogeneous (Freeze and Cherry, 1975). As data will not be 

sufficiently characterize many of the ground water systems, 1.1 ild~~nner1t has to be made 

based on limited information and also on qualitative 

Homogeneous formations will be less susceptible to ground 

hence ground water level decline. 

of the system. 

over extraction and 

It is obvious that more recharge an aquifer receives the would be its decline 

of water lev el. Protection of recharge areas is of vital importance less recharge would 

pose a significant threat to the ground water system. 

The volume of an aquifer is the product of the areal of water bearing strata 

and the saturated thickness of the aquifer. So larger the aquifer · obviously the 

lesser is the susceptibility of the aquifer to water level declines. 

are summarized in Table 4. 
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1 

1 

1 

Table4 Ground water levet decline susceptibility to the diff+ent variables, 

high ( t ) and low ( -1- ). ' 

Variable Ground Water Lev el D"ftine Susceptibility 

Hydraulic diffusivity t t ! 
1 

Heterogeneity t t 
1 

Annual recharge t .} l 
J 

Volume of aquifer t .} ! 

Now the question cornes, what is high and low and how to scale ~e effects to signify the 

implications of high and low? 

Adams and Macdonald (1995) provide weights to q-.4antify the degree of 

susceptibility of the four variables. Apart from annual rech ... ge, which can vary 

considerably between years mainly due to climatic variations, th~ other variables can be 

ascertained with a higher degree of confidence. As the recharge ~omponent contributes 
1 

significant uncertainty, the susceptibility of a ground water syste~ to recharge should be 

addressed conservatively. This is reflected by using a higher wei~ value to this variable. 
i 

Table 5 Relative weights used to estimate ground water levJl decline susceptibility 
1 

due to high, moderate and low values of the four co~tributing variables. 

Value 
Ground Water Level Dectine Su~ ~tibility 

hydraulic diffusivity heterogeneity annual rech~ rge vohlme of aquijer 

High 3 3 1 1 
1 

Moderate 2 2 3 1 2 

Low 1 1 6 1 3 

(Source: BGS Technical Report WC/95/3; Adams and Macdonald~ 1995) 
1 

1 

The values high, moderate and low can be attributed to physical +gnitudes or possibly a 

better approach once again would be to use quartiles. For exam~le, values less than the 

frrst quartile would be considered as low, and values greater ~an the third quartile 
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would be considered as high. Values falling within the first and 

considered as moderate. 

quartiles would be 

The next issue would be, how to establish quartiles. To estmate quartile values 

data analysis has to be carried out For the intrinsic variables, ydraulic diffusivity, 

heterogeneity and aquifer volume, significant literature exist to e · blish the quartiles. 

For annual recharge, time series analysis and water balance studies uld be necessary. 

Once weights (wi) are assigned to signi:fy the level of suscep bility due to variable 

i, the next question cornes how to aggregate these weights and then · classi:fy into one of 

three categories of low, medium and high vulnerability. Adams a · d Macdonald (1995) 

4 

used simple summation ( W = Lw j ), and the classification was, ~i) low vulnerability: 
i=l ' 

1 
1 

W < 8; (ii) medium vulnerability: 8 ~ W ~ 11; and (iii) high vuln bility: W > 11. Still 

using the simple summation as the aggregation method, the thresh 'Ids were recomputed 

and adjusted conservatively to correspond to approximate the ' ee quartiles. So the 

proposed classification is, (i) low vulnerability: W < 6; (ii) medium · lnerability: 6 ~ W ~ 

11; and (iii) high vulnerability: W > 11. In the section on aggrega · n (below), details of 

sorne of the aggregation techniques and their implications are discu ed. 

To start the ground water indicator development work fi WW AP the above 

framework would provide a starting point 
1 

(2) Salt water introsion: The variables used to describe th~ salt water intrusion 

problem are given in Table 1. Following Adams and Macdonal4 (1995) each of the 

variables have been assigned equal weights. For the groundlj water basin under 
1 

consideration there has to be evidence of this problem either diref!. ly due to sea water 

intrusion or intrusion of saline water from inland connate sources.:j The relative weights 

used for this case are shown in Table 6. 
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1 

Table 6 Relative weights used to estimate salt water intrusio~ susceptibility due to 

high, moderate and low values of the three contribudpg variables. 

Salt Water Intrusion SusceptibD 

1 

1 

~ 
Value hydraulic gradient permeability ~. 'ectiveness of hydraulic 

1 

j_ 

High 3 3 i 
Modera te 2 2 1 

Low 1 1 

1 

(Source: BGS Technical Report WC/95/3; Adams and Macdonald,./1995) 
1 

barrier 

1 

2 

3 

The problem of ground water quality deterioration is complex land this scheme only 

addresses a specifie problem due to ground water over pumping. (>nee again the concept 

of quartiles can be used to classify high moderate and low values~ If a simple addition of 

weights scheme is used, the three wlnerability categories acco1ing to total weight W 

would be, (i) low wlnerability: W < 4; (ii) medium wlneratility: 4 ~ W ~ 7; and 

(iii) high wlnerability: W> 7. / 

1 

(3) Land subsidence: Adams and Macdonald (1995) pro~ides a detail outline on 

estimating land subsidence in both unconfined and confinedl/ aquifer systems. The 

susceptibility of an unconsolidated aquifer to subsidence can be ~valuated using Table 7. 
1 

The three variables used to estimate susceptibility are - the str~. ification of the aquifer, 

the combined thickness of the saturated aquitard (including c fining layers), and the 

aquitard compressibility. Each of the variables have been consid ed of equal weight, but 

in unconfined aquifers the susceptibility to subsidence computecf using this scheme will 
i 

in general be computed as low. However this is not always *e (Poland, 1984), and 
1 

adjustments to the weights would be necessary to address local ~nditions. Furthermore, 

consolidated aquifers can also be susceptible to subsidence if c+pressible aquitards are 

present 
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Table? Relative weights used to estimate unconsolidated aq1 

susceptibility due to high, moderate and low values ~ 

contributing variables. 

Value 
Unconsolidated Aquifer Susceptibility to S~ 

stratification of aquifer combined thickness of aquitards 

High 3 3 

Moderate 2 2 

Low 1 1 

(Source: BGS Technical Report WC/95/3; Adams and MacdonaldJ 
1 

1 

1 

ifer subsidence 

fthe three 

bsidence 

compressibility of aquitards 

3 

2 

1 

1995) 

The high, moderate and low values can be attributed to quartile v~ues. Once again, using 

a simple addition of weights scheme, the three vulnerability cate ries according to total 

weight W would be, (i) low vulnerability: W < 4; (ii) medium .lnerability: 4 ~ W ~ 7; 

and (iii) high vulnerability: W> 7. If aquitard compressibility ca ot be estimated, then 

only aquifer stratification and aquitard thickness should be 

categories, low, medium and high correspondingly should be ~usted to W < 3, 4 ~ 

W ~ 7, and W> 5, respectively. 

1 

( 4) Stabilization time: The stabilization time (te in ye4) is a measure of the 

amount of time an aquifer will take to revert back to equilibr .. m. The expression to 

measure this indicator is given in Eq (2) and an empirical analysi is provided as Figure 1 

(after Custodio, 1992). From a ground water management pective the proposed 

thresholds of vulnerability are, (i) low vulnerability: te ~ 1, (ii medium vulnerability: 

1 <te< 10, and (iii) high vulnerability te ~ 10. Figure 1 can used to estimate the 

stabilization time once values have been attributed to the three co tributing variables. 

Aggregation: Aggregation is the key to index and in cator development. An 

index or an indicator is a means devised to reduce a large qua tity of data down to its 

simplest form, retaining essential meaning for the questions th are being asked of the 

data (Ott, 1978). In the previous section the use of the statistic concept of quartiles is 
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proposed to classify values (Strzepek, 2001) into proposed grou~s - three for ground 

water condition and three for ground water vulnerability, andl a data insufficiency 

threshold. Let us consider the example given in Table 8 for further ~iscussion. 
i 

The information flow starts with the identification of ~e indicators and the 

variables that describe the functional relationship with that indi tor. Here it has been 

implicitly assumed that these functions are linear, although limitati ns are associated with 

this assumption (Ott, 1978), the linear functions are the sim est functional forms. 

Through the schemes described in the previous sections indicato values can be derived 
1 

and the state of the system in terms of that indicator can be desfribed qualitatively. In 

deriving the indicator value there has already been a step of ~egation, and there is 

information loss implicit in an aggregation process. However, ~e information loss is 

accumulative and can gets compounded. As seen in Table 8(a)~ for the ground water 

condition there are three indicator values (or sub-index of groun~ water condition), and 

one indicator which is not observed in this case. For ground w~r vulnerability, Table 

8(b), there are three indicators to assess ground water vulnerabfty, and one indicator, 

which is not observed in this case. 

These sub-indices are represented by the, (i) condition s~b-indices: let, le2, lc3, 

and le4, and (ii) vulnerability sub-indices: lvt, lvz, lv3, and IV4. N4w cornes the important 
1 

question, how to aggregate these sub-indices to come up with a pound water condition 

index based on ground water quantity, and a ground water vuln~rability index based on 

ground water quantity? ; 
1 

Ott (1978) provides a comprehensive discussion on ag~egation of sub-indices. 

Ott points out that here is where most of the simplification and ~ence distortion is likely 

to be introduced. The common general forms of the aggrega .. on functions and their 

characteristics are given in Table 9. The index form used in this teport is what Ott refers 

to as the increasing scale index, i.e., condition or vulnerabilf deteriorates with an 

increase in the index value. : 
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Table 8(a) Hypothetical case for assessing ground water condition in a basin. 

Indicator ' 

lndicator Name Variables Data Value Index 
Value/Sub Index ' 

1 

Coll!lition 
• uc -~· . ..t 

45% (say)_ "<:7 .,- Priinâiy ânô seoonaary .... 
water withdrawals 

(more serious l 
1 Ground water reliance Annual average total 
1 

withdrawals (surface and Primary and Secondary 
problem) 

1 --- 1 

ground water) Ic1=3 

Annual average ground 
Primary and Secondary 

30% (say) ---
water withdrawals (less serious How to aggregate 

Ground water depletion 
problem) the sub-indices to 

Annual average baseflow Analyzed ---
Icz=2 compute ground 

Horizontal displacement water condition 
of salinity front from a Analyzed --- 20% (say) 

index based on 
Encroachment ratio reference point (satisfactory) 

ground water 
Distanceofcontrolpoint 

Primary Ic3=l 
quantity? ---

from the reference point 
' 

Maximum subsidence 1 

1 

with respect to a chosen Analyzed ' ---
datum (not observed) 

Subsidence ratio 
Minimum elevation of lc4 
land surface with respect Secondary ---
to chosen datum 
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Table 8(b) Hypothetical case for assessing ground water vulnerability in a basin. 

Indicator Name 1 Variables 1 Data 
1 

Value 1 Indicator Value/ 1 

Sub Index 
Index 

Vulnel'abUity 

Hydraulic diffusivity 
Secondary and 
Analyzed ---

Ground water level Heterogeneity 
9 (say) 

decline 
Secondary --- (medium 

Annual recharge 
Primary and vulnerability) 
Analyzed --- Iv1=2 

Volume ofaquifer Secondary ---

Hydraulic gradient 
Secondary and 
Analyzed --- 5 (say) 

Salt water intrusion 
Permeability Primary 

(medium How to aggregate the 
--- sub-indices to vulnerability) 

Effectiveness of 
Secondary 

lv2=2 
compute ground 

hydraulic barriers --- water vulnerability 

Stratification of aquifer 
Primary and 

index based on 

Secondary --- ground water 

Total thickness of Primary and (not observed) 
quantity? 

...l • • ~- 1 ........ ;+ .... ..1~ Seconq~ 
---

'LJallU --- lv3 
Compressibility of 

-------------~ '--- -----

Analyzed 
-- -·- - ---

aquitards --- ----------

Hydraulic diffusivity 
Secondary and 
Analyzed ---

Characteristic length of 
Secondary 

10 (say) 

Stabilization time basin --- (high vulnerability) 
lv4=3 

Basin constant Empirical ---
- --- ---- - - - - - -

30 



Two terms that have been used by Ott to describe the '-'•"u"'"'"'uo:~,~•'-'i:l of the various 

aggregation functions are, (i) ambiguity- regions where a linear . 

state, and (ii) eclipsing - regions where the state is 

exaggeration. 

Table9 

Aggregation Type Fonction 

Additive Forms 

LinearSum 

n 

1=LwJi 
i=l 

Weighted Sum where 

i=l 

Root-Sum-Power 
[ 

n ]h 1 = t;1t 

Maximum Operator 

Multiplicative Forms 
n 

1 = IJ1iw, 
i=l 

Weights Product where 

Minimum Operator 

(Source: Adapted from Ott, 1978) 

rather than an 

eclipsing and 
as p approaches ' 
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1 

Using the different aggregation schemes outlined in j9, and referring to the 
! 

sub-indices in Tables 8(a)-8(b), the final outcome can be "''""'r"''"f-1 To illustrate this point 
1 

let us consider the ground water condition sub-indices, and apply ~e different functional 

forms. The overall classification of the index is still based on concept of quartiles, 

where values less than or equal to the fust quartile (Qi) are cl · sified in the category 

satisfactory, the inter-quartile range covers the category of lessi serious problems and 

values greater than or equal to the third quartile (Q3) fall unde the category of more 

serious problems. 

Linear Sum: Carrying out a linear sum of the sub-indice~ 1ci, 1c2, and 1c3 (sub

index 1c4 is not observed in this case) yields 1=6. As only t~ee indices exist, the 

minimum sum on a three-point scale (the three categories used in is report) would be 3 

and the maximum sum would be 9. Therefore in this case, Qi =' 4.5 and Q3 = 7.5. As, 

Q1 { 1 [Q3, the ground water condition in this ground water syste can be classified as a 

case of less serious problem. ! 
' 

Weighted Sum: If it is assumed that ail the three sub-ind+s have equal weight, 

then the ground water condition index value would be 1=2. Alsüijusing equal weights it 

can be found that Qi= 1.0 and Q3 = 3.0. Again, Q1 {1 [Q3, the gr~und water condition in 

this ground water system can be classified as a case of /ess serious~roblem. 
1 

Root-Sum-Power: Taking p=2, the value of the indtx 1 would be 3.74. 

Considering three variables, the lower and upper bound of the a~regated index 1 would 

be .J3 = 1.732 and .J2i = 5.196 respectively. Using simulation1jit was determined that 

the lower (Qi) and upper (Q3) quartiles were approximately, 2.601 and 4.40 respectively. 
1 
1 

Once again, Qi { 1 [Q3, and the ground water condition can be c~tegorized to be of less 

serious problem. 

Maximum Operator: Calculating 1 = max {1ci, 1c2, 1c3}, jwe get, 1 =3, and this 

would imply that the ground water system is in a state of more ser+us problem. 

As we are using an increasing scale index the weight prruct and the minimum 

opera tor functional forms are not tested here. , 

It is seen that the use of additive forms of the aggregati~n assessed the ground 

water condition to be in a state of less serious problem. The maxi(num operator however 
: 

revealed that the ground water condition is in a state of more sedpus problem. The next 
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question therefore is, which one is correct? Referring to Table · • it is seen that the 

additive forms of aggregation has drawbacks in term ofboth ambi ity and eclipsing. the 

maximum operator however overcomes these two limitations. 

conservative design perspective it would be prudent to 

condition in this example basin with more serious problems. 

urthermore, from a 

the ground water 

The similar exercise can be carried out with the grou water vulnerability 

sub-indices. If we chose to use the maximum operator once agai ·· (refer to Table S(b)). 

the basin would be considered as one of high vulnerability. 1 

Hence overall, the basin has more serious ground water Ptfblems and has a high 

vulnerability. 

CHALLENGES, TARGETS and GROUND WATER 

The development of all indicators in the WW AP process 

seven challenges set out in The Hague Ministerial Declaration. 

are: 

(1) Meeting basic needs: to recognise that access to safe 

sanitation are basic human needs and are essential to 

; 

seven challenges 

sufficient water and 

empower people, especially women. through a paJrttc.tJtLtolry process of water 

management. 

(2) Securing the food supply: to enhance food security, 

vulnerable, through the more efficient mobilisation 

equitable allocation of water for food production. 

of the poor and 

use, and the more 

(3) Protecting ecosystems: to ensure the integrity of ecc,sv:ste1ms through sustainable 

water resources management. 
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(4) Sbaring water resources: to promote peaceful co-o' ration and develop 

synergies between different uses of water at all levels, wh~ever possible, within 

and, in the case of boundary and trans-boundary water re~urces, between states 
1 

concemed, through sustainable river basin managemen~ or other appropriate 

approaches. 1 

(5) Managing risks: to provide security from floods, drou~ts, pollution and other 

water-related hazards. i 
! 
' 

(6) Valuing water: to manage water in a way that reflec~ its economie, social, 

environmental and cultural values for all its uses, and ~~ move towards pricing 

water services to reflect the cost of their provision. Th·. approach should take 

account of the need for equity and the basic needs of the p · rand the vulnerable. 

1 
1 

(7) Governing water wisely: to ensure good govemance, so i~at the involvement of 

the public and the interests of all stakeholders are includ~ in the management of 

water resources. 

Strzepek (2001) provides an initial mapping of the WW AP inJcators to address these 

challenges. The fundamental problem is still, how to rep+sent these challenges 

quantitatively? What are the implications of the indicators in/ monitoring targets and 

meeting the above challenges? / 

To deal with the above issues, the fundamental questi~ in the present context 

perhaps is, what is the role of ground water in light of the above ~hallenges? Sorne initial 

thoughts in carrying out the analysis are presented in this section./ 

It is anticipated that an analysis at the national scale will ave targets proposed by 

the different nations. For example, by 2010 a particular country would like to have 9()0/o 

of its population with access to "safe drinking water". For sure, ttaining this target is not 

only a function of the ground water resources, but the objective 1 f the present discussion 

is, what is the role of ground water to meet this target? The nex11 questions are, to achieve 

the aforementioned target, for example, what should be the gr und water reliance ratio, 
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what should be the depletion mtio? Now thresholds have been s , which to an extent is 

arbitmry at the this stage, stating how the condition of the syst~ tn will change if 

thresholds W1 11 be exceeded. 

0.5 

0.45 

0.4 ~ 
: .. 
1 - -- - --

CD 0.35 

E 
0.3 tl1 

- -,. 
~ ., 

1:: 

.s 0.25 
1 _. ... 
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0 0.2 :0 
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Figure2 Meeting the challenge of basic needs, the variatio11 

reliance indicator (solid line) and the ground wate~ 

( dashed line) along with the 2010 proposed target~ 

reliance; 0.45 for gw depletion). 

Figure 2, shows the trend in the two indicators of ground water 

reliance and ground water depletion. Apparently this figure 

of the ground wate r 

depletion indicator 

(circles, 0.25 for gw 

ndition - ground water 

contmdictory, but the 

challenge is to meet demand of water supply but at the same ti e improve the condition 

of the ground water system. As of 2010 it is foreseen that e ground water reliance 

should drop down to 25% and then this indicator would cha erize the ground water 

condition to be of less serious problem. 
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Similar exercise can be carried out for sorne of the otht' challenges, and the 

resource as a whole can be evaluated. However, it is essential look into the other 
i 

indicator reports and further analyze the problem. 

This is sorne preliminary concepts and would be further ~eveloped through the 

WW AP process. 
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