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Abstract. Coping with water scarcity and growing competi- data but is not a precondition for implementing WArame-
tion for water among different sectors requires proper wa-work. Data from hydrological models and water allocation
ter management strategies and decision processes. A prerodels can also be used as inputs to-¥WA

requisite is a clear understanding of the basin hydrological
processes, manageable and unmanageable water flows, the

interaction with land use and opportunities to mitigate the

negative effects and increase the benefits of water depletiod Introduction

on society. Currently, water professionals do not have a com-

mon framework that links depletion to user groups of waterOver the last 50yr the world has changed from a situation
and their benefits. The absence of a standard hydrologicsf an abundance of water to a situation of water scarcity.
and water management summary is Causing confusion an@VQr 1.2 billion people live in basins where water demand
wrong decisions. The non-availability of water flow data is IS reaching, or has exceeded limits of sustainable use (Gle-
one of the underpinning reasons for not having operationaick, 2000; Molden, 2007; Rockstm et al., 2009; World
water accounting systems for river basins in place. In this paHiealth Organization hitp://www.who.int/watersanitation

per, we introduce Water Accounting Plus (WA whichisa  health/hygiene/ejy. Population growth, changing diets, and
new framework designed to provide explicit spatial informa- €conomic growth, are some of the main causes of increased
tion on water depletion and net withdrawal processes in comWater use, which has resulted in competition for water, closed
plex river basins. The influence of land use and landscap®asins (a basin where all available water is depleted), over-
evapotranspiration on the water cycle is described explicitlyexploited groundwater resources, degraded land, reduced
by defining land use groups with common characteristics.ecosystem services and anthropologically induced droughts.
WA+ presents fousheetsncluding (i) aresource base sheet People have been quite proficient in changing land and water
(i) an evapotranspiration shegtiii) a productivity shegtand ~ Management practices and in modifying river flows to ex-
(iv) awithdrawal sheetEvery sheet encompasses a set of in-Ploit water, also from aquifers. However, the era has now
dicators that summarise the overall water resources situatiorffived that we need to communicate multi-sectorally for de-
The impact of external (e.g., climate change) and internal in-veloping joint visions and targets for sustainable water and
fluences (e.g., infrastructure building) can be estimated byenvironmental management.

studying the changes in these WAndicators. Satellite mea- Our water institutions have been less effective in manag-

surements can be used to acquire a vast amount of requird@9 water in this relatively new era of scarcity, and this leads
to a decline in the per capita water availability in various

Published by Copernicus Publications on behalf of the European Geosciences Union.


http://www.who.int/water_sanitation_health/hygiene/en/
http://www.who.int/water_sanitation_health/hygiene/en/

2460 P. Karimi et al.: Water Accounting Plus (WA+)

water-stressed river basins that are often located in arid cliopportunities for improved climate resilience; it assists with
mates (Alcamo et al., 2007; Molden, 2007; UN-Water, 2007;decisions regarding carbon sequestration and safeguarding
van der Zaag et al., 2010; Vorosmarty et al., 2000; Wallace sufficient water resources for a good quality life, also during
2000). While the emphasis in the 20th century was on wa-periods of prolonged drought. Water accounting is described
ter resources development, there needs to be a shift to imin this context below.
proved water management practices to meet the demands of This paper introduces a simple, understandable and stan-
a changing world in the 21st century. Clearly one obstacle fordardised way of describing the overall land and water man-
improved water management is the lack of standard data colagement situation in complex river basins. Ideally, complex
lection processes. Interpretation of water resources data antbnditions should be summarised on a few pages with ta-
communication to a diverging group of water professionalsbles and graphs. It is a challenge to present integrated water
is generally also inadequate. Management of complex riveresources management issues in both a simplistic and suffi-
basins involves hydrologists, climatologists, water managersgiently comprehensive way. For some it will always be over-
engineers, policy decision makers, economists, environmensimplified, while other water professionals prefer a simplified
talists, agronomists, anthropologists and lawyers among othversion. The benefit of having a standard analytical frame-
ers; all from different backgrounds, cultures, and educationwork and associated terminology has been demonstrated by
levels. Obviously, this leads to misconceptions and misinter+AQO in the field of evapotranspiration. The FAO standardisa-
pretations (Perry, 2007), which are not favourable for im-tion of reference evapotranspiration ET (Allen et al., 1998)
proving management of the scarce water resources. Termsas for instance been widely adopted by the international
such as “irrigation efficiency”, “water use efficiency” and community of agricultural and irrigation engineers to de-
“water productivity” are often used interchangeably while scribe ET processes and get global uniformity in crop and
their intended purposes are rather different. The term “wa-irrigation water requirement computations. Similarly, a stan-
ter use” is not unambiguous and can for instance be interdard water accounting procedure could facilitate the descrip-
preted as being a “withdrawal” from a water system, “site tion of the state conditions of river basins and the opportuni-
specific flow” or “consumptive use”. Reduction of “water ties to exploit manageable water flows more effectively, effi-
supply” is often confused with “reduction of consumptive ciently, productively and sustainably.
use”. Such confusion in terminology can have severe con- The objective of this paper is to introduce a new water
sequences for downstream water availability and may evemccounting framework that is call&flater Accounting Plus
lead to exacerbation of water scarcity (e.g., de Vries et al.(WA+). The framework can be filled with satellite data that
2010). For this reason, Seckler (1996) remarked that it isare freely available in Data Active Archives. WAIs based
better to refer to “real water savings”. Groundwater abstrac-on the early definitions introduced by the International Wa-
tion, groundwater depletion and groundwater draft are alsder Management Institute (Molden, 1997). The objective of
terms which are confused and leading to underestimatiolWA+ is to make water accounting easier to use in terms
of the over-exploitation of aquifers. The declining trend of of available input data, and to help improve strategic deci-
available water per capita is often used, but rarely defined tsions in water resources management. The companion paper
which flow it relates to. The same holds true for water use in(Karimi et al., 2013) describes the application of the W
the agricultural sector. These definitions need more rigor.  the Indus basin.

Investment in water resources management can be more
effective with good and appropriate data being available and
if the management options are commonly understood, ac2 Brief review of water accounting frameworks
cessible, acceptable and agreed upon by various stakehold-
ers. The data source underpinning the presentation of watefhe importance of reporting on water has motivated several
resources conditions and management should be describedational and international organisations like the UN, FAO,
and the error sources should be understood. This calls folWMI and the Australian government to develop standard
an appropriate framework for planning, operation, monitor- water accounting frameworks. Food and Agriculture Organi-
ing and evaluation of water resources in river basins. Veryzation's (FAO) global information system on water and agri-
often the existing analytical frameworks consider one waterculture, Aquastat, remains an important source of data, and
use sector only (i.e., drinking water supply sector), focus onhas the advantage of consistency and standard terminology.
one aspect of water management (i.e., gross withdrawals), ddowever, Aquastat falls short of giving enough detail about
are based on one particular hydrological processes (i.e., rairthe interaction between land use and water use. One major
fall and surface runoff relationships) without any attempt to point pertinent to water scarce basins is that Aquastat focuses
link these processes. on water withdrawals, and does not distinguish between con-

Water accounting integrates the fields of hydrology, watersumptive use (i.e., ET) and non-consumptive use (i.e., return
and environmental management, water allocations, reportindlows). The United Nations Statistics Division has proposed
and communication, and policy decisions. It facilitates iden-a water accounting framework called System of Environ-
tification of central problems in river basins, constraints andmental Economic Accounting for Water (SEEAW). SEEAW
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describes hydrological and economic information through aaccounting into recover able and non-recoverable water path-
set of standard tables and has also some supplementary tablesys in order to account for the effects of changes in irri-
to cover social aspects (UN, 2007). The SEEAW accountinggation practices on groundwater recharge. Perry and Buck-
includes precipitation, soil water and refers to natural evap-nall (2009) proposed that basin water balances can be struc-
otranspiration as one cause of decreasing water stocks. Thered on the same approach by including rainfall and inflows
SEEAW separates consumptive use from non-consumptivas sources and classify uses as beneficial/non-beneficial,
use, thus, allows for a wider range of water resources andecoverable/non-recoverable flows and by dividing water
uses to be included. The SEEAW approach provides comaccounts into different end-use classes.
prehensive flow accounting and a well-documented way of The International Water Management Institute (IWMI) de-
presenting links to non-agricultural elements of the econ-veloped a Water Accounting (WA) procedure with the aim
omy. However, its applicability for water stock accounting of tracking water depletion rather than withdrawals to avoid
is in question mainly because key required data are unlikelyerrors when neglecting recycling, and to account for evapo-
to be available (Perry, 2012). The SEEAW as suggested byranspiration. The method provides a means to determine the
Perry (2012) should be expanded to accommodate naturajutput per unit of water effectively depleted (Molden, 1997;
landscape and agriculture, which are typically the major wa-Molden and Sakthivadivel, 1999; Molden et al., 2003) with-
ter users in river basins. The SEEAW, for example, describe®ut a need to account for all the flows related to these pro-
water input from precipitation, and total evapotranspiration,cesses. The depletion of water resources renders water un-
but does not describe rainfall partitioning through the differ- available for further use. Water depletions are divided into
ent water uses and evapotranspiration pathways characteriségneficial and non-beneficial water according to the type of
by different land use classes and the benefits that result fromise. The IWMI WA framework has been applied by IWMI
that. The essential difference in green and blue water rein many irrigation system studies (e.g., Bhakra system in
sources (Falkenmark and Rockstr, 2006; Rockstim and  India: Molden, 1997; Zhanghe Irrigation System in China:
Gordon, 2001) is not recognised in the SEEAW framework. Dong et al., 2004; Loeve et al., 2004; Nile Delta: Molden et
The Australian water accounting system is based onal., 1998). It has also been used to produce water accounts at
SEEAW guidelines (ABS, 2004, 2006) with run-off as the river basin scale (e.g., Krishna: Biggs et al., 2007; Karkheh:
first descriptor. Compared to rainfall and evapotranspiration Karimi et al., 2012; Indrawatti: Bhattarai et al., 2002) and at
flow in streams and rivers represent only a small fractionthe national scale (e.g., India: Amarasinghe et al., 2007; Sri
of the total water movement in semi-arid basins (Molle andLanka: Bastiaanssen and Chandrapala, 2003).
Wester, 2009; Sivapalan et al., 2003). The framework ac- The IWMI WA framework was originally designed for ir-
counts for water withdrawals rather than consumptive userigation schemes within a basin, but was later used for basin
It ignores the essence of consumed water being a sink o&nalysis. Some of the components of the IWMI WA are,
the water in the land hydrological system. The Australiantherefore, too generic for basin level studies. For instance,
method considers irrigated agriculture, industrial and domeswater depletion at irrigation service scale represents only
tic users and does not provide any information on rainfed sys€rop evapotranspiration while at basin scale it includes also
tems. Thus, the impact of rainfed ecosystems on volumes ofmunicipalities, industries, fisheries, forestry, dedicated wet-
water available for irrigation is not addressed. The new Aus-lands and all other uses. As a result, parts of the information
tralian water accounting standard (Water accounting stanthat are important in a basin context are not covered in the
dard, 2010) provides a more comprehensive flow accounteriginal IWMI framework.
ing and discloses information about the total water resource,
the volume of water available for withdrawal, the rights to
abstract water, and the actual withdrawals of water for eco3
nomic, som_al, Cultura! and e_znv_w_onmental benefit, for_ geo-, 4 Withdrawals, ET and return flow
graphic regions of national significance. However, similar to

the earlier Australian water accounting method, neither rai”\Nater Accounting Plus (WA:) is a new framework that uses
nor natural ET processes are covered in the accounting.  the jwMi WA principles of tracking water depletions rather
_ Perry (2007) proposed a framework for water account-inan withdrawals. WA- adopts the same definition for water
ing which divides withdrawals into consumed and non- gepjetion as the IWMI WA, but considers more details in the
consumed fractions of water. The consumed fraction is ETprocesses and essential mechanisms. In line with IWMI WA
and like in the IWMI water accounting framework published ¢ se the term depletion hereafter because water consump-
by Molden (1997), it is divided into beneficial and non- yion in non-agricultural sectors is often associated with with-
beneficial consumption. The non-consumed fraction is cony,awals. FAO (2012) and the International Commission on
sidered as return flows which could be recoverable or NONyprigation and Drainage, ICID (Perry, 2007) are using con-

recoverable. The latter being the water that is not a"a”ablesumptive use for crop ET. Depletion in WAincludes ET
for further use like flows to saline groundwater aquifers. 54 flow to sinks.

Foster and Perry (2010) suggested refinement of soil-water

Water accounting plus (WA+)
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groundwater, Effiecis the ET from precipitation, EJ is the
“incremental ET”, and Q3" + 08") is return flow to sur-
face water and groundwater. Incremental ET (6 related

to withdrawals only. It is the difference between withdrawals
and return flows that originate from these withdrawals and
water that is incorporated into a product (e.g., incorporation
of water into plant tissues). ET from precipitation (b

can be described as:

PSS s |' """"" 5 Where @3V + 0&W) is withdrawals from surface water and
P

ETy

Q™

Percolation

............... i ETprec= P— QRprec (4)

Where Qg is the return flow from rainfall. Return flow
consist of water that originates directly from precipitation af-
ter partitioning Qr,..) and return flows from uses of wa-
ter (Qrw) (e.g., return flows from irrigated fields, sewer
CloLnghateieatisy outfalls, overflowing canals, drains, etc.). Hence, the re-
turn flow O, is composed of surface runoff, lateral sub-
Fig. 1. Basic diagram explaining fundamental differences betweensurface drainage and deep percolation from rainfall only.
gross and net withdrawals in relation to incremental ET. One method to calculate B¢ is through existing empiri-
cal equations for effective rainfall (e.g., USDA, FAO). These
methods estimate the remaining rainwater in the root zone

~ Datasets on withdrawals and return flows are scarce anghat can be used by plants after deep percolation and runoff.
incomplete both at the river basin scale, as well as locallygaciors such as the climate, the soil texture, the soil struc-
by certain water use sectors. Advances in earth observationg, e and the depth of the root zone influence effective rain-
have, however, demonstrated that ET can be acquired frorgy| The key point is that Eg can be determined as ET mi-
satgllite measurements (e.q., Andersop et al., 2012) By eXaus EThreo Without any flow measurements om@nd Gx
ploring the spatial data on ET, WAprovides explicit infor- (ot further demonstrated in this paper). Spatially distributed
matlon on water depletion processes for every land use Clasiiata on E, is useful in ungauged (sub-) basins where with-
WA+ is based on a mass water balance approach. The basigawals occur. Water depletion from natural processes and
of this water balance approach is that outflow from a certainincremental ET can be tracked via spatial ET information for
area of interest (e.qg., river basin) are explicitly related to theevery discrete area, and for every land use class and water
net inflow and depletion through a measurable ET processeg,ser. This concept has been adopted by thejVimework

Therefore, the advantage is that withdrawals and return flow$g estimate water depletion in different land use management
are no longer necessary to be measured because the depletié’é‘tegories.

Surface water

can be obtained directly from satellite measurements. a1 contains four sheets that summarise the water man-
The total water balance in a basin in a given time periodagement sjtuation in complex river basins in an understand-
can be expressed as: able manner. The purpose of each sheet is summarised
Sw oW Sw oW in Table 1.
P+ ( in T Qin ) —ET- (Qout + Qout ) +A5=0 (1) The main differences between the IWMI WA from 1997

and the WAt are the following:

- o SW, HGWy
Where P is precipitation, Qi7"+ Q™) is surface and  _ Thg |ink between land use and ET is made explicit in

, i BW . HGWy i )
groundwater inflows to the basinQg; + Ogyt) is surface order to understand the impact of land use changes on
water and groundwater outflow, andS is storage change. exploitable water resources.

Storage change is further divided to: _ _
— Manageable and non-manageable depletions are defined

AS = ASPW + ASPM 4 ASPW + ASp 2) and the processes are quantified, which will show that
' ' ' large volumes of water naturally respond to geographi-
WhereAsfSW, ASfS'V', and ASfGW are change in fresh water cal and atmospheric processes that cannot be managed.

storage of surface water, groundwater, and snow and glacier
melt, respectivelyA Sp is change in polluted water storage.
At one single unit in the managed water use group, where

— Surface and groundwater systems are differentiated as
they have different management options and legal regu-

lations.
withdrawals exist, the water balance equation can be defined
as (see Fig. 1): — Incremental ET are computed for different land use cat-
egories and water user groups to assign benefits from
P ( SW Q\?VW> — (ETprec+ETo) — <Q§W+ QSW) -0 (3) managed water use.
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Table 1. The purpose of WA- sheets.

Water sheets Purpose Bookkeeping sheets
Resource Base Hydrological, manageable, utilisablsssets & liabilities
flows, water security, sustainability
Evapotranspiration  Beneficial & non-beneficial flows Profit & loss/expenditure sheet
Productivity Biomass returns, carbon sequestratiofProfit

food security

Withdrawal Management, regulations, allocations Cash book

— Partitioning of consumed water (ET) into transpiration, and benefits (presented on a “productivity sheet”). The fourth
evaporation and interception to appraise beneficial ETcomponent of WA is the quantification of the gross and net
for food and ecosystem services vs. non-beneficial ET. withdrawals via the “withdrawals sheet”. Presented informa-

, tion in every sheet is linked to a set of standard indicators that

— Input data for WA- can be guaranteed by using satel- o, o improve understanding of the basin water resources
lite measurements so that dependence on local ageny, conditions, and water management achievements.
cies does no longer hold, and data collection systems 1, 5yqress the role of land use changes and land use plan-
become standard and transparent. It opens the door Q5 iy the water accounting scheme, we propose to present
applying WA+ atinternational basins level, also in con- ¢+ gifferent categories of land use groups, based on the po-
f,I'C'F areas. Ho.vveve.r, use 9f space born daFa has |'ts OWRential to manage the land and water resources. These cate-
I|rr_1|tat|ons which will be discussed further in details in gories includenanaged water usenodified land usautilised
this paper (Sect. 6). land use andconserved land use
The group “managed water use” represents the land use

classes in which the natural water cycle is manipulated by

The total basin water resources consist of rainfall, inflow Physical infrastructure; water is intentionally retained, with-

across water divides and storage changes in surface watefrawn, pumped, diverted and spilled by pumping stations,

ground water (including soil moisture) and snow water. Only Valves, pipes, dams, weirs, gates, canals, sluices, culverts and
a fraction of the total basin water resources can be condrains for certain objectives. Examples are drinking water
trolled and regulated by means of barrier dams, infiltrationSUPPly Schemes, irrigation systems, storage for hydropower,
dams, diversion weirs, inlet points and water harvesting facil-maintaining water levels for navigation, flood storage in wet-
ities, to create Eg that otherwise would not occur. Land use 1ands, etc. The group “managed water use” includes domestic
change (e.g., urban expansion, land reclamation, deforestjvater use in urban areas and villages, irrigated agriculture,
tion) and land cultivation practices (land preparation, crop€XPanding industries for economic development and golf
sowing date, zero tillage) have a regulating affect op gl ~ COUrses (see Tablg 2 for a more comprehensive overwevy).
Hence land use, cultivation practices and water resources de- "€ group “modified land use” refers to land that is sig-
velopment are controlling factors of ET at the basin scale Nificantly modified by human activity for the sake of food,
Regulation of ET in areas with a high degree of naturalfeed' fibre, (bio-)fuels, and fish producuon.l It also mclgdes
land cover such as savannah and mountains is very limiteMProved road networks to connect growing populations,
and largely dependent on natural ecosystem processes (e.§UMP sites and increasing space for leisure and for socio-
grazing). Consequently, not all land use classes and theifconomic growth in the most general terms. Water diver-
associated water flows can be controlled. sions and withdrawals do not take place in the “modified land
Water management practices are commonly focused o#S€” group, but by modifying vegetation density, hydrologi-
those water resources that can be controlled. Influencing th&@! processes such as ET, drainage, percolation, and recharge
disposition of water through changes in managing land usée affected. Changes in ET in the “modified land use” class
is less common, but essential to address the growing watef@n have significant impact on groundwater levels, stream-
scarcity of the future. The WA framework encompasses flow, and downstrea_\m water _ava|lab|I|ty. Ramfed cropping
four accounting sheets that each reveals specific insights intgYStéms, deforestation, creation of plantation forests, estab-
how water is used. For the sake of simplicity, the hydrolog- lShment of lanes and parks, home gardens and wind shelters
ical summary can be portrayed on a single page “resourcdypically fall |n“th.e_ modified Ian? use” class.
base sheet”. The second component is to describe the wa- 1€ group “utilised land use” represents a land use that
ter depletion (presented on an “Evapotranspiration sheet”)Provides a range of ecosystem services and which has had
and the third component is to estimate the biomass serviceltle interference by man. However, people often use such

3.2 Role of land use categories in WA
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land for the services it provides, like food production or fu-
elwood and nomads on natural pastures. Examples include
grassland or savanna (for grazing or wood) and forest land
(for timber). This group is typically eligible for carbon cred-

Conserved Land Use

Utilized Land Use

Landscape ET

Gross Precipitation

its. Returns from “utilised land use” are often expressed in 3 WodifiedLandUse B NVer
terms of livestock, wildlife, aquatic birds, fuelwood, oil and 23 o 2

A o 2 ged Water Use
minerals. Groundwater dependent ecosystems are also pa ° | - 5
of this group as well as alien invasive species because inva:- [ = s| 5

. . . . bt = 53 g 7 M d Water U g
sion is unintentional by humans. d -/

The group “Conserved Iand usen represents areas Se‘:;iE E g Flow to sinks, quality degradaticn ’F
g

aside for minimal disturbance by humans. It includes nat- e S Qo™
ural ecosystems or biomes earmarked for conservation anc Reserved outflow ax {%.‘;C?Q;Eiﬁa?ﬂé’,w ;FQ
coastal protection. Examples are national parks, coastal S IoW
dunes, game reserves, glaciers and Ramsar sites.

Table 2 shows the association between land use classddd. 2. Schematic presentation of the resource base sheet.
and the four land use groups identified for water accounting.
A distinction between land use and land cover is essential in ) )
this context. Global land cover databases are available (e.g., | '€ Netinflow minus landscape ET can be referred to as
GLC2000 by Loveland et al., 2000; Globcover by Bicheron explqtable waterlt represen.ts the_poruon of the net inflow
et al., 2006), but do not provide information on usage. Landthat is not evaporated and is available for downstream use

use databases with particular functions have been produce‘ri'ﬁd withdrawals. The exploitable Wa'_[er in this framework is
locally (e.g., Indus Basin: Cheema and Bastiaanssen, 201071al0gous to blue water concept defined by Falkenmark and
but do not yet provide systematic cover for river basins. Ide- OCkStr?m (5006)' F%r, the sakhe bOf simplicity, the recsjource d
ally, the land use classes specified in Table 2 should, for wateP2Se sheet does not distinguish between surface and ground-

accounting purposes, be created from satellite databases. water in the exploitable water. The latter will be taken care
of by the withdrawal sheet.

The landscape ET is further divided into the four land use

Outflow

4 The WA+ analytical framework categories “conserved land use”, “utilised land use”, “mod-
ified land use”, and “managed water use”. The portion of
4.1 WA+ resource base sheet managed water use that falls under landscape ET represents

) ) ) ~evapotranspiration that originates from precipitation over this
The WA+ resource base sheet (Fig. 2) provides '”format'onparticular land use category (5&:in Fig. 1). Irrigated land
on water volumes. Inflows are shown on the left of the re-for instance does receive rainfall, but insufficient for crop

source base sheet diagram, the middle part provides i”forproduction.
mation on how and through what processes the water is de- Nt all of the exploitable water is available for use as part
pleted within a domain, and information on exploitable water ¢ it has to be reserved to meet downstream water right re
and reports on outflows are summarised on the right. quirements (committed outflow, navigational flow and envi-
Precipitation plus any surface or groundwater that flowsonmental flow). Guidelines for environmental flow are pro-
to the domain from outside its boundaries@soss inflow  ;i4eq by for instance Smakhtin et al. (2004a, b). This wa-
Net inflowincludes water storage changes over the periode js calledreserved outflovand is equal to the maximum
of accounting. The fresh water storage changes are (i) Sursf committed outflows, navigational flow and environmen-
face water St sw), (ii) groundwater including soil moisture (5| fiow. Note that committed outflow can also be related
storage changeA(St.cw) in the vadose zone and (iii) snow 1 groundwater, for instance for keeping Groundwater De-
and glacier meItASf,sM). The net inflow |s.part|t|oned Nt hendent Ecosystems (GDE) healthy that tap water from the
landscape ETandexploitable watepresent in streams, soils  same agquifer, but are located in a downstream river basin.
and aquifers. Thiandscape ETs a consequence of a certain None of these actually deplete water; the same water that
rainfall distribution across a composite terrain with mixed ggpeg navigational needs may serve environmental flow de-
land use, geological formations, soil types, slopes, elevamang and then flow out to meet any downstream water com-
tions and natural drainage to streams. Falkenmark and Rockyitment. Non-utilisable flow mostly arises during and after
strom §2006) defined thl; as green water. This evqporatecﬁood events when excess water threatens to inundate large
water is accounted as being consumed and not available fofreas which then need to be evacuated. It could partially be
downstream withdrawals and water resources developmentymmitted to outflow, but the volume and timing will most

unless moisture recycling through the atmosphere occur§iely not match the reserved outflows requirements and is,
(Savenije, 1995; Van der Ent and Savenije, 2011). therefore, presented separately.

Hydrol. Earth Syst. Sci., 17, 24592472 2013 www.hydrol-earth-syst-sci.net/17/2459/2013/



P. Karimi et al.: Water Accounting Plus (WA +) 2465

Table 2. Categories of land use classes with similarity in ecosystem services, provisioning services, human interaction and interventions in
the hydrological cycle. These classes form the basis for management optionstin WA

Conserved land use Utilised land use Modified land use Managed water use
Reserves or national parks Closed natural forests  Plantation trees Irrigated pastures
Areas set aside for conservation  Tropical rain forest Rainfed pastures Irrigated crops
Glaciers Open natural forest Rainfed crops Irrigated fruits
Coastal protection sites Woody savanna Rainfed fruit Irrigated biofuels
Open savanna Rainfed biofuels Reservoirs & canals
Sparse savanna Rainfed recreational parks  Greenhouses
Shrub land Fallow land Aquaculture
Natural pastures Dump sites Residential areas & homesteads
Deserts Oasis & wadis Industrial areas
Mountains Roads and lanes Irrigated recreational parks
Rocks Peri-urban areas Managed wetlands & swamps
Flood plains Inundation areas
Tidal flats Mining
Bare land Evaporation ponds
Waste land Waste water treatment beds
Moore fields Power plants

Wetlands & swamps
Alien invasive species
Permafrosts

Exploitable water less reserved outflowsaigilable wa-  ventions on water scarcity and benefits from water can be
ter. It is the available water that can be allocated to variousquantified.
water use sectors. Part of the available water is depleted. This Exploitable water fractions that part of the net inflow that
depleted water is calledtilised flow and mainly takes place is notlost to the landscape ET processes. The fraction relates
throughincremental ET but it also includes the water that to total run-off generated in a river basin and also exploited
flows to sinks (e.g., flows to saline groundwater aquifers orwater from fresh water storage.
other locations where the water is not recovered) or becomes
unavailable for further use due to contamination, pollution Exploitable wat&faction = (5)
and any quality degradation because of a lack of treatment
plants or beds. The available water less the utilised water iStorage change fractiodefines the degree of dependency on
utilisable waterrepresenting the amount of additional wa- fresh storage change\Gq). The fresh water resources are
ter that could be utilised. It represents the water that is nosurface water storage, groundwater storage and total water
depleted, nor reserved, and is, thus, available for use withirstorage. The negative values indicate storage depletion while
the basin or for export and intra basin water transfers. TheP0sitive values indicate that in the accounting period water
resource base sheet can be applied at different time scales.storage has been increased in the domain.

Depleted wateis total ET plus flows to sink4 Sp) which ASiy
is the water that flows to sinks or become unfit for use qual-Storage changgtion =
ity wise; for instance deep percolated irrigation water that
ends up in saline groundwater aquife@utflowsrefer to ~ Available water fractiomrelates available water to exploitable
the amount of water that phys|ca||y leaves the basin throughNater. It describes the portion of exploitable water that is ac-
surface water Systenﬁl\ﬁ/) and [hrough subsurface system tually available for withdrawals within a basin.

(QOGl}’tV). Appendix A summarises the WAdefinitions. Available water

Available wat on=———"———— 7
Shaction Exploitable water ™

Exploitable water
Net inflow

(6)

Exploitable water

4.1.1 Performance indicators for resource base sheet
Basin closure fractiomlescribes to what extent available wa-

The resource base sheet in Whas a set of minimum per- ter is already depleted in a basin or domain. A closed basin is
formance indicators that are presented as fractions. These ifne where all available water is depleted. According to this
dicators are to help basin planners to understand the key irdefinition a closed basin can still have substantial discharge
formation on water management in a basin, or any domairin case all outflow is reserved (Molden et al., 2003).

that water accounts are provided for. Time series of these Utilised flow

indicators reveal trends. The impact of water policy inter- Basin closurgaction=

®)

Available water
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Reserved outflows fractiorelates the reserved outflows to
outflow via streams and aquifers. It indicates whether the |  comenes
committed outflows are being met. The reserved outflows are

intended to surface and groundwater outflow.

Non-Manageablg]
Interception

Non-Beneficial

Reserved outflows Lan e : é 2

Reserved outflowgction = S ©) 2 - .
Qout Qout ______________ §
4.2 WA+ evapotranspiration sheet e E‘
[0)
(a)

The evapotranspiration sheet (Fig. 3) describes which
parts of ET processes are managed, manageable or nor,
manageable. The term manageable implies that it is not ac-
tively managed yet, and that a light form of utilisation is
accepted under the current situation. Knowing the physical
volumes of ET by different users, the next step is to evalu-Fig. 3. Schematic presentation of the evapotranspiration sheet.

ate the benefits derived from the use of water. It requires a

value judgment to define beneficial and non-beneficial ET.

The definition of “beneficial” and “non-beneficial” ET can cial ET in a basin. Water used by key water users in a basin

be adjusted in specific cases by the users based on their loctl expressed in terms of fractions.
value assessment. Transpiration fractionis the part of ET that is transpired

Non-beneficial ET occurs through certain physical pro-PY plants and it reflects an impact on bio-physical process in
cesses: evaporation (from soil, water), and interception evapWater scarce basins.
oration from wet leaves and canopies (Rutter et al., 1971; T
Savenije, 2004) and wet surfaces (e.g., buildings, roads)ITanspiratiofacion= g7 (10)
However, in some cases interception evaporation is impor-
tant for temperature regulation of plants and, hence, is beneBeneficial ET fractionelates beneficiak andT to the total
ficial. Transpiration ) is the transfer of water by the plantto ET in a basin.
the atmos_phere through stomata in the _Ieaves. Water vapour N E beneficiak- T beneficial
transfer via transpiration and GOnhalation are biophysi- BenefiCigdaction = ET
cally linked (e.g., Monteith, 1988). WhilE is generally con-
sidered as beneficial, it can be considered non-beneficial iManaged ET fractionndicates the ET processes in a basin
some cases such as weed infestations in cropland or in dahat could be manipulated by land use, cultivation practices
graded landscapes, or when there are non-desirable plantand water withdrawals.
Alien invasive species are considered as highly undesirable ET

. . g . managed

and distorting sensitive balances between rainfall and ETManage@,cion= —————
Countries such as South Africa and Australia have active ET
programmes to clear large areas of alien invasive. This exAgricultural ET fractionis the part of ET attributable to the
emplifies that definition of “beneficial” or “non-beneficial” agricultural production.
depends on a value assessment. .

E is usually considered as non-beneficial because the vasiyricyitural ETyaction = Agricultural ET (13)
majority of E originates from wet soils that are fallow or ET
covered partially (Choudhury et al., 1998). However, ie | jqated ET fraction describes the portion of agricultural ET
from natural water surfaces is often beneficial, for exam-yhat is related to irrigated agriculture.
ple in cases where water bodies serve the purpose of fish-
ing, aquatic birds, buffering floods, water sports, leisure, etc. . irrigated agricultural ET
The WA+ evapotranspiration sheet is shown in Fig. 3. It re- Irigated Eraction = Agricultural ET
ports on the breakdown of ET int, 7 and interception
and defines which portion of ET is beneficial and which non-4.3 WA+ productivity sheet

Non-Beneficial

(11)

(12)

(14)

beneficial. o ) ) )
The WA+ productivity sheet is meant to describe the agricul-
4.2.1 Performance indicators for the tural production per unit of water (Kijne et al., 2003; Zwart et
evapotranspiration sheet al., 2010) and is illustrated in Flg 4. The sheet reports on the

bio-physical land productivity (kghd) and water produc-
Performance indicators for the WA evapotranspiration tivity (kg m~3) in the WA+’s four land categories. Economic
sheet provide key information on the magnitude of benefi-dimensions such as proposed by Hellegers et al. (2009) are
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Land productivitysuyre
kg kg . .
i Pasture biomass productieharvest Index (16)
kg/ha kg/ha =
_______________ L Pasture area
=z o 2 Water productivity indicatorseport on the physical mass of
E fnavee | S s = production per unit volume of water consumed in terms of
w o kghha g}\ kg/h: = kg per n§
5} BE 3L E‘ﬁ .
s a2 o= | ®E _
: R fe e - Water productivit
B e | E * I3 ‘| @ E ater proauctiVityyops rainfed
° o o T 2 . . . .
% = § e L __Rainfed crops biomass productiefiarvest index 17)
- i - Rainfed crops ET
Water productivityops irrigated
Irrigated crops biomass productietiarvest index (18)

Irrigated crops ET

Fig. 4. The WA+ productivity sheet. B
Overall land and water productivity of crops and pasture can

be further broken down into rainfed and irrigated land sys-
tems. This will provide productivity figures for rainfed and
for the sake of simplicity excluded. Productivity measure- irrigated land separately.
ment in WA+ is based on biomass production. Biomass pro-
duction is a consequence of plant photosynthesis and is theood-irrigation dependency
primary foundation for food, feed, fibre, shelter, biodiversity
and carbon storage. Biomass production results from carbop 4 \ya + withdrawal sheet
assimilation processes through which £fom the atmo-
sphere is absorbed through photosynthesis, and stored as cgthe withdrawal sheet has several common elements with the
bon in biomass, both above ground and below ground. Carexisting UN water accounting procedure that is merely based
bon sequestration is gaining more attention as an opportunityn allocations and withdrawals. Despite the fact that the re-
to stabilise CQ levels in the atmosphere and to mitigate cli- source base sheet avoids complex hydrological processes that
mate change impacts (Gibbs and Herold, 2007). Several studequires groundwater and surface water use to be quantified
ies provide spatial databases that estimate global vegetatiogpecifically, it is of utmost relevance to discern between sur-
carbon stocks (Olson et al., 1985; Gibbs, 2006). Ruesch anghce and groundwater systems. The main reason is that their
Gibbs (2008) have produced a global biomass carbon maphanagement options are quite different; surface water can
for 2000 based on the GLC2000 land use map. be used, for example, for hydropower, while groundwater is
The WA+ productivity assessment, given the importance more suited for domestic drinking water and is a choice of
of the subject, encompasses figures fonGequestration by  preference for many farmers. Most excess water flows to sur-
different land uses alongside biomass production. Crop angiace water systems, and this water is easier to regulate and
pasture biomass production can be translated to equivalenthanage than groundwater systems.
yields by using harvest indexes and then to the water produc- As opposed to surface water systems, groundwater re-
tivity by using ET figures. sources are accessible rather instantly without passing
through conveyance networks and contain water throughout

4.3.1 Performance indicators for the productivity sheet  the entire year. As a result this flexibility has enhanced the
extraction of groundwater for irrigated crops (Qureshi et al.,

The WA+ productivity sheet's performance indicators have 2010) and other purposes. Thus, considering the importance

been formulated to indicate the state of a basin in terms off groundwater, and the different management opportunities
land productivity and water productivity. This is translated &S compared to surface water systems, it is imperative to sep-
into food security conditions and carbon sequestration.  &rate surface and groundwater systems intVAn example

Land productivity indicatorsrelate biomass production ©f @n accounting system for groundwater is given by Foster

and yield equivalent of crops to unit of land in the period €t &l- (2009) and Foster and Perry (2010). ,
of accounting in terms of kg per ha. The aim of the WA+ withdrawals sheet is to provide an

explicit picture of flows in the Managed Water Use category.
Typical water users are reservoirs, irrigated agriculture, aqua-
Land productivity,qps culture, domestic use and industries. Incremental ET from
Crops biomass productiarharvest Index reservoirs mostly takes the form of evaporation from free
- Cropped area (15)  water surfaces. The withdrawal sheet diagram is displayed

Irrigated flood production
Total food production

(19)
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------------ e U T T related to water resource management, water-ecosystem
anaged Water Use A . . )

e sustainability and food security. WA users (e.g., policy
makers) can, therefore, pick and focus on the indicators
that they perceive to be relevant to their purpose of the
accounting exercise.

Reservoirs

Agriculture/aquaculture

Retum flow

Return flow

Incremental ET
(Net Withdrawals)

Domestic

Gross Withdrawals

Surface water

[ incremental ET | Return
Industry Retum flow flow

m Collection of data from various sources and institutes to

SRR feed WA+ is a rather challenging task and is currently the
largest obstacle for water accounting in an operational con-
text. While rainfall can be measured relatively simply with
Fig. 5. Schematic presentation of withdrawal sheet. gauges (not being free from errors), ET can be measured
with advanced instruments only (Twine et al., 2000; Teix-
in Fig. 5. Fresh water is drawn from surface and groundwa-eira and Bastiaanssen, 2010). It_ is a general mi_sconception
ter resourcesQﬁ,W and Q\(IBVW' for different uses. Part of the thatET can_be measured py routine wgather stations. Hydro-
withdrawn water is consumed as incremental ET@E@nd meteorological observatories are available, but only at se-

the rest returns to the surface and groundwater soug@¥,  lected Iolcat.ionls it’; river basins. Maint_enﬁ?ce ofdthg h)I/dro—
and QEW. Groundwater withdrawals for drinking water sup- meteorological observation Is not straightforward. So large

ply can after water treatment be discharged into rivers, hencecomponents of the basin water flows are not measured and

surface water and groundwater can interact in the withdraw re at best difficult to measure in situ. The_ input data into
sheet. /A+, therefore, has to be based upon satellite measurements

and alternatively from hydrological models.
4.4.1 Performance indicators for the withdrawal sheet Except for the withdrawal sheet that is more related to the

classical water accounting processes, the input data for the
Information presented in the WA withdrawal sheet can be other WA+ sheets can mostly be estimated through satellite
essential for estimating the impact of some widely supportedneasurements. Basin outflow and inter-basin transfer flows
solutions in water scarce environments, including efficiencyneed at all times to be measured. Remote-sensing techniques
improvements, capturing recoverable flows and groundwa€ensure access to spatial data, and make it possible to apply
ter quota. Given the importance of these concepts the perforthe framework to all ungauged or poorly gauged basins. An-
mance indicators defined for this sheet include the following:other benefit of using remote sensing is the low cost of ac-

The Groundwater withdrawal fractionndicator provides quiring data and the immediate availability of data. Measur-

information related to the extent that a basin is reliant oning ground data and collecting data through surveys often re-

5 Satellite data measurements

groundwater resources for development. quires significant manpower to collect and interpret the data.
oW Remote-sensing analysis can be done relatively quickly and

Groundwater withdrawal fractiog ——% (20) cheaply. Ground data are, however, useful and can comple-
oW+ oGV ment and refine the space-borne data sets. The number of

Classical irrigation efficiency (CE) follows the concept of Is- €arth observation satellites is growing fast, and the databases
raelsen (1932) and Jensen et al. (1967) as presented by Secnerging from these spatial measurements show the same
ler et al. (2003). It is defined as the net evapotranspiratiorfvolving trend. Land use, rainfall, ET, soil moisture, biomass
(incremental ET in our terminology) divided by the amount Production can all be retrieved from raw satellite measure-

of water withdrawals. ments, provided that the proper interpretation algorithms are
. - . used. Remote-sensing techniques, also, can be employed to
CE= incremental ET irrigated agricultu&To) (21) separate ET intcf and T through using two-layer energy

Qw(Irrigated agriculturg balance models. This is rather commonly applied in land

Recoverable fractiomdicates the proportion of water with- surface models (e.g., Shuttleworth and Wallace, 1985). The
drawal that is not consumed and, thus, returns to surface anldasis for distinguishing” from E is the partitioning of net
groundwater system. It relates to the definition of recoverablgadiation into a component related to canopies and another

flows presented by ICID (Perry, 2007) component related to soil. A second major aspect is that
0 T is controlled by soil moisture in the rootzone afdby

Recoverable fractios: —~ (22) moisture in the topsoil. Satellite radar altimetry and laser

w altimetry (i.e., ICESat) can be used successfully to derive

WA+ indicators have been formulated to serve various pol-water levels of inland water bodies (e.g., Calmant et al.,
icy objectives. They cover a broad spectrum of indices2008) and changes of total water storage can be estimated
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by gravitational satellites such as the Gravity Recovery and Surface and groundwater systems are fundamental for de-
Climate Experiment (GRACE). The accuracy of determining velopment of water resources and basin management plans.
important hydrological processes and water management ag-he partitioning of surface/groundwater recharge and their
pects is acceptable, and it becomes an attractive alternative ®uccessive gross withdrawals are considered in thetWA
conventional data sources (Bastiaanssen, 1998; Schultz arwithdrawal sheet. Although we have no operational system
Engman, 2000; Schmugge et al., 2002). It goes beyond thé place to quantify these flows, it is essential to recognise
scope of the current paper to discuss in detail the recent adhis in the WA+ framework. While incremental ET can be
vances in earth observations. assessed in the resource base and withdrawal sheets, more
scientific rigor is needed to develop a generic solution for
determining the incremental ET from total ET and effective

6 Limitations/cautions rainfall.

The WA+ is a comprehensive tool for assessing water de-
pletion and productivity in a basin in relation to land use,
but it has its own limitations. The main limitation is that the
WA+ cannot replace hydrological models in their function
to provide detailed information on water flows in a basin.
WA+ summarises water depletion in a basin, rather tha
analysing flow from one location to another. All rivers and

Summary and conclusions

WA+ provides an analytical framework that summarises wa-
"er resources conditions and management in complex river

tributaries are regarded as being one single bulk river and al asins. The WA framework goes beyond accounting of sur-

) . . : ace water flows and their withdrawals as in most reporting
the aquifers as one single bulk aquifer. An overall basin ac- ; . .
. systems to basin authorities and national governments. The

count can, however, be an aggregation of sub-accounts for : : . )

) ; . Innovative character of W is the incorporation of com-
different geographic elements. WAcan be envisaged as a . -

. ) ; . . prehensive watershed processes, the role of land use, explicit
display of hydrological modelling results, in a standardised

manner that can be understood by a larae society of Waterrecognition of manageable flows, description of utilised flow,
rofessionals y 9 y difference between gross and net withdrawals, reserved out-

P o . flows and the benefits resulting from water depletion pro-
All satellite data parameters have some level of uncertainty

and error that needs to be taken into account because satr—ﬁ—esseS in terms of biomass production, carbon sequesiration,

. ) . o among others. The availability of a standard set of indica-
lites are measuring hydrological processes indirectly. The er;

. : . tors based on transparent data collection procedures is ben-
rors in large water volumes (i.e., rainfall and ET) may result .~ : .
. o . . eficial for discussions on water resources management solu-
in large errors in river and aquifer flows. More research is re-

quired to understand the impact of these uncertainties in thetzIons and the Wat_er policy de_C|S|on ”.‘"".k'”_g Processes. .
Water accounting starts with precipitation and changes in

WA+ outputs. storage of surface water, groundwater and snow packs to ar-

The accounting period for WA IS n_ormally one year. - e at net inflow. WAt reports on water depletion in a basin
However, seasonal and annual variations have impacts on . ) . o
. . L using spatially distributed evapotranspiration rates, and as-
basin water flows. For instance, water deficits in the dry sea-

; : sesses which part is depleted in the landscape after rainfall
son if followed by a wet season, might be overlooked when . : . .
o : : and which part is depleted due to withdrawals. The available
compiling annual bulk figures. The WA framework is ap-

plicable to shorter periods if detailed data on storage Change\évaterforwithdrawals is further subdivided into utilised flows
(i.e., surface and groundwater storage and soil moisture) argnd utilisable outflows. Utilised flow is expressed as an in-

) - .~ cremental ET complemented kysS,. A large portion of the
available for the beginning and the end of each accountmgbrOSS withdrawalsrithat are dk%/figult to r%eerl)sure _ are recy-
period.

WA+ only provides tentative guidelines for beneficial and cled and re-used in downstream areas, thus, being even more

non-beneficial depletion, and the user needs to define the difficult to measure. This makes gross withdrawals of less in-

erest as compared to incremental ET. The outflow from the
based on a personal value assessment. One example of the

. . i . . _basin is compared to reserved outflows. Within YA/&nowl-
complexity of the issue is the presence of floodplains. While . ; .
. . : . ~edge of production outputs such as biomass production, food
flood plains and green corridors along rivers can be consid- . o :
oS . ) roduction and carbon sequestration in various land use cate-
ered for contributing to ecosystem services, the incrementa

ET due to flooding could reduce the river flow to downstream gorie_s s relat_ed to wz_;\ter depletion. Th_is Is the key to k_Jench-
countries beyond the committed minimum flow. Value as_marklng and increasing the productivity of water. WAs

sessment is needed to make good use of the-\ViAalytical offering a.seF of default pe_rformancg |nd|c§1.tors. Users can
add extra indicators according to their specific interest.

framework, and this can be achieved by prescribing benefi- WA+ uses accessible satellite measurements as its main

cial and non-beneficial depletion by land use type. Economlc1nput data source, instead of detailed hydro-meteorological

environmental, social and other benefits could be specified I . )
in detail measurements. This independence makes it feasible to apply

WA+ basically everywhere, and by doing so, to get a clearer
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understanding of the national, continental and global scale Utilisable outflow is the available water for resources de-
status of water resources. velopment.

The WA+ framework provides strategic insights in the Conserved landise relates to the environmentally sensitive
possibilities to secure water resources availability and redand uses and natural ecosystem that is set aside for protec-
silience to droughts and climate change, while maintainingtion, including protection from sea.
biodiversity, preventing land degradation and conserving wa-Utilised land useepresents a low to moderate resource util-
ter for committed outflow. The WA framework evaluates isation, such as savannah, woodland and mixed pastures.
the impact of interventions such as (i) water re-allocations,Modified land userelates to the replacement of the original
(ii) reduced groundwater withdrawals, (iii) deficit irriga- vegetation for increased utilisation of land resources.
tion, (iv) modernisation of irrigation, (v) artificial recharge, Managed water useaepresents landscape elements that
(vi) water retention and storage, (vii) waste water treat-receive withdrawals from utilised flows.
ment, (viii) water productivity improvement, (ix) urban ex-
pansion, (x) deforestation, (xi) introduction of biofuel crops,

(xii) cropping pattern change, (xiii) altered cultivation prac- Acknowledgements-unds for this research were provided by the
tices, etc. The framework has a simple presentation by meanSapacity Building Programme of the International Water Manage-

of four sheets, and is easy to implement and understandnent Institute (IWMI) through the CGIAR Research Programme
on Water Land and Ecosystems. The authors are thankful to Chris

Qommunlcathns and decision makmg has the potential toPerry and Mac Kirby (CSIRO) for the thorough and constructive
improve, provided that the framework is supported by Iargerreview. Yasir Mohamed (UNESCO-IHE), Vladimir Smakthin

”_"temat'onal academlg and donor OrgamsaF'onS' I:)'ssemm""(IWMl) and Peter Droogers (FutureWater) are acknowledged for
tion of the WA+ principles to the responsible water pro- their valuable discussions on the framework.
fessionals is also an elementary prerequisite for making the
framework commonly known. Edited by: P. van der Zaag
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