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Abstract Rainwater harvesting (RWH) is a practice of

growing importance in the United Kingdom, particularly in

the southeast of England where the water availability per

person is even less than in many Mediterranean countries.

Although there is a huge amount of rainfall in the north and

west of England and Wales, water resources in the south-

east and east of England are under pressure due to the

growing population and the changing climate. Therefore,

RWH becomes particularly important to reduce the

dependence on the mains water supply. In the present

study, suitable areas for RWH in the UK have been iden-

tified using a geographic information system-based deci-

sion support system (DSS) and remote sensing. The DSS

undertakes a combination of thematic layers such as rain-

fall surplus, slope, curve number, land cover/use, and soil

texture. The spatial extents of suitability areas for RWH

were identified using multi-criteria evaluation. The spatial

distribution of the suitability map shows that the excellent

suitable areas for RWH are in the northwest of UK but less

suitable areas in the northern and eastern parts. On average,

the suitability for RWH in the UK was found that 18.95 and

27.25 % of the area are excellent and good, about 23.53 %

is moderate, whilst 30.26 and 0.02 % are unsuitable and

poor, respectively. The use of a number of RWH sites in

the excellent areas is recommended to ensure successful

implementation of RWH systems.
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Introduction

Water resources in many parts of UK are under pressure

from rising demand. For instance, the southeast and east of

England already face increasing demand on a renewable

water supply. This type of supply may be inevitable in

some areas to complement demand management measures

and to secure water supplies for long-term resilience. In

other areas, RWH can reduce drought risk and sewer

flooding. Therefore, RWH is getting more attention in the

UK. RWH in the UK is a traditional and reviving technique

for collecting water for domestic uses (EA 2003). The two

main uses are for plant irrigation (e.g. gardening) and

domestic purposes (e.g. flushing toilets and running

washing machines). Harvesting rainwater for domestic uses

in the UK can reduce their mains water usage (Ward 2010).

For instance, using large-volume stores can conserve more

than 95 % of household water and significantly reduce

flows to the sewer system; however, the use of small-vol-

ume stores can conserve up to 50 % of household water

usage and has less significant impact on flows to the sewer

system. Roebuck et al. (2011) studied the whole-life cost

performance of domestic rainwater harvesting systems in

the UK, and they found that harvesting rainwater was

significantly less cost effective than relying solely on

mains-only water. In their study, the domestic RWH sys-

tems generally resulted in financial losses approximately

equal to their capital costs. Therefore, without significant

financial support, the domestic RWH is unlikely to be cost

effective for all foreseeable scenarios.
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In the UK, a high volume of water is taken from the

environment for human use. Demand for water is rising

because the population is increasing, lifestyles are chang-

ing and the impacts of changing climate are becoming

more significant. In the densely populated southeast of

England, water is scarcer than anywhere else in the UK.

There is less water available per capita in this region than

in many Mediterranean countries (EA 2003). On average,

every person in England and Wales uses around 150 l of

water per day (l/p/d) (Ward 2010). This average is higher

than the average consumption per capita in many other

European countries, for example: France (113 l/p/d), The

Netherlands (128 l/p/d), Germany (132 l/p/d) and Denmark

(138 l/p/d) (EA 2001). Any RWH systems can relieve

pressure on available water supplies. This means that less

water is required to take from lakes, rivers, and aquifers,

and more water remains to benefit ecosystems, conse-

quently helping sustain the water environment.

Annual rainfall in the UK varies between 550 and

3,000 mm, and the highest rainfall depths occur in the least

populated areas in the west and north of the country.

Fewkes (2012) reported that in the areas of highest popu-

lation, the density of rainfall is between 600 and 800 mm

per year. Furthermore, water demand varies throughout the

UK, where the regions with largest demands are least water

available; for example, London (250 m3/year) is catego-

rized as having ‘‘very low’’ water availability. The funda-

mental problem of water supply relates to: (1) the

collection and storage to cover seasonal variation and (2)

the movement from areas in a surplus to areas in a shortage

(Fewkes 2012). UK is perceived as having an abundant

supply of water available to meet its needs, but each person

in England and Wales has about 1,400 m3/year of water

available, which is classified as a low availability rating

(Griggs et al. 1997).

Traditionally, shortfalls in water supply have been met by

supply-side solutions (supplymanagement), which entail the

development of new supplies and the provision of more

treatment facilities. RWH is important for the future, when

scarcity will increase because climate change will affect

rainfall and increase evaporation, which will increase pres-

sures on our ecosystems services. Therefore, change in

rainfall pattern with regard to frequency and intensity will

affect groundwater recharge and frequency of flood or

drought periods and finally groundwater level in different

areas. The decline in rainfall may reduce net recharge and

affect groundwater levels. The exploitation of subsurface

water from deep aquifers is also depleting resources that

have taken decades or centuries to accumulate. Growing

population will also affect our ecosystems due to the

increasing demands for services, including reliable and clean

water.Meanwhile, it is not so easy to decentralize the sewage

system, because this will cause corrosion effects in the pipes

and create stench in summer. Therefore, separate RWH

constructions in high rainfall areas are needed to remove the

current dual function of dealing with sewage and surface

water runoff in urban areas, thus reducing flood risk and

improving the environment.

The increased awareness and application of RWH sys-

tems in the urban areas of developed countries have arisen

because a number of problems linked to centralized sys-

tems of water supply and disposal have been identified

(Geiger 1995; Pratt 1999). These include:

• Growing demand, which cannot be satisfied without the

development of new resources;

• Available resources, not located in areas of high

demand, which can result in water distribution over

large distances;

• Over abstraction from rivers and groundwater, which

can cause low flow regimes in rivers;

• Urban expansion and highway developments, which

can increase surface runoff volumes and thus resulting

in increased risk of flooding and adverse changes to the

receiving water quality and aquatic ecosystem.

The traditional solution to these problems is to develop

new water supplies, distribution networks and flood alle-

viation schemes, which are not environmentally friendly

and require considerable capital expenditure. An alterna-

tive and possibly more sustainable strategy is to use

decentralized technologies. For example, the use of green

roofs creates partial water retention and reduces peak

runoff flows into the storm sewer network. Stormwater

sewer connections can be eliminated if sustainable urban

drainage system (SUDS) is used. Rainwater collected from

roofs can be used for non-potable applications, thus

reducing potable water consumption. The use of RWH can

benefit not only the conservation of water resources but

also the relief of demand on public water supplies, poten-

tial attenuation of peak runoff into the sewer network, and

the reduction of combined sewer overflow emissions.

Furthermore, RWH is an important option to adapt to the

impacts of climate change. Depending on the chosen

strategy and measures, RWH can also help to reduce urban

flood risk or decrease temperatures of heat islands in

combination with green roofs.

In recent years, RWH has become more common due to

increasing water prices and sewage charges. Although RWH

has recently been used in high-profile facilities like the

velodrome of the London Olympic Park, the UK’s ongoing

revival has lagged behind other countries such as Germany

(the present world leader in modern RWH). At present, only

about 400 RWH systems are installed in the UK every year.

RWH is now being encouraged by the UK government

through the code for sustainable homes. The code ranks

homes on a scale of one to six and requires new homes to
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have a score of at least three. One way to raise the score of a

newly designed home is to incorporate aRWHsystem. There

are three main sectors dominating the demand on water

resources; these are the agricultural, industrial, and domestic

sectors. Agricultural water use is practically for irrigation

systems such as spray irrigation, which returns a little

amount of water to the hydrological system due to evapo-

ration and incorporation into crops (Kellagher and Maneiro

Franco 2005). Industrial water use is metered and therefore

customers practice water efficient processes to minimize

overheads (DCLG and DEFRA 2006).

A vast array of RWH systems and structures are cur-

rently in use to address a wide variety of applications

(Fewkes 1999; Gould and Nissen-Petersen 1999; Weiner

2003; Sargaonkar et al. 2011; Soares et al. 2012; Nag and

Ghosh 2012; Deepika et al. 2013; Huang et al. 2013;

Mahmoud 2014a, b; Mahmoud et al. 2014a). The numerous

advantages and benefits already ascribed to RWH (Jackson

2001; Krishna 2003; Mahmoud et al. 2014b) are sufficient

to demonstrate RWH as an important tool in achieving

water resource management solutions under the climate

change. RWH can also be a helpful tool for sustainable

water management. Studies of ecological and hydrological

interaction may determine the resource use and influence

vegetation composition and diversity (Ludwig et al. 2005;

Yu et al. 2008). More recently studies on integrating runoff

modelling, remote sensing (RS) and geographic informa-

tion system (GIS) have shown the advantage in selecting

suitable sites for water recharging/harvesting structures

(Mahmoud 2014b; Mahmoud et al. 2014c). Although there

is a great deal of literature on the research and development

of RWH structures, few studies have been undertaken on

delineating the selection of suitable sites for water har-

vesting structures in arid regions using information tech-

nologies such as RS and GIS. An exception to this is a

study conducted in the Al-Baha region of Saudi Arabia

(Mahmoud et al. 2014a), for which remote sensing and

geographic information system (RS-GIS) were undertaken

to collate and analyse land use, soil, slope and hydrological

digital elevation maps, along with satellite imagery

(Landsat 5/7 TM/ETM) of the region. Similarly, Mahmoud

et al. (2014b) presented a decision support system (DSS)

for the identification of suitable sites for water harvesting/

groundwater recharge structures for the Jizzan region of

Saudi Arabia. Furthermore, Jabr and El-Awar (2005) pro-

posed a methodology for sitting water harvesting reservoirs

in a 300-km2 area of Lebanon to improve the agriculture

potential characterized by low and erratic precipitation.

However, Gupta et al. (1997) developed a water harvesting

strategy in Rajasthan, India using GIS.

The selection of potential areas depends on several factors

including biophysical and socioeconomic conditions. Dif-

ferent studies use different parameters. For instance, when

identifying RWH sites, FAO (2003) listed the key factors to

be considered: climate, hydrology, topography, agronomy,

soils and socioeconomic criteria. Pacey and Cullis (1986)

emphasized the importance of social, economic, and envi-

ronmental conditions when planning and implementing

RWHprojects. UsingRS andGIS techniques, Ramakrishnan

et al. (2008) used slope, porosity and permeability, runoff

potential, stream order and catchment area as criteria to

select suitable sites for various RWH/recharging structures

in the Kali watershed, Dahod district of Gujarat of India.

Durga Rao and Bhaumik (2003) identified land use, soil,

slope, runoff potential, proximity, geology, and drainage as

criteria to identify suitable sites for RWH. Kahinda et al.

(2008) used physical, ecological and socioeconomic factors

(land use, rainfall, soil texture, and soil depth) as criteria.

The purpose of this paper is to delineate potential suit-

able areas for RWH in the UK using remote sensing and

geographic information systems.

Methodology and study area

The identification of suitable areas for RWH is a multi-

objective and multi-criteria problem. First, the runoff

coefficient for different land cover/use classes and different

soil texture, along with runoff depth for the UK, was

produced using RS and GIS. Then, a map of RWH avail-

ability was generated. This map will help decision makers

and water resources’ planers in the UK to plan rainwater

harvesting structure, such as the construction of small dams

or recharge wells in suitable areas to reduce urban flooding

in heavy rainfall areas, and relieve pressure on available

supplies to benefit ecosystems. Therefore, it will help to

maintain a sustainable water environment in the areas with

scarcity potential. The methodology of mapping used in

this study involved the following major steps:

• Selection of criteria,

• assessment of suitability level of criteria for RWH,

• assignment of weights to these criteria,

• collection of spatial data for the criteria,

• development of a GIS-based suitability model, which

combines maps through spatial multi-criteria evaluation

process (SMCE), and

• generation of suitability maps.

To identify the suitable areas for RWH, the five criteria

selected for the identification of potential sites for RWH

are:

1. Soil map.

2. Land cover and land use (derived from available RS

data).

3. Slope (topography).
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4. Runoff coefficient.

5. Rainfall surplus precipitation.

The criteria used in the GIS analysis are presented in

work flowchart (Fig. 1). Because of the different scales on

which the criteria measured, spatial multi-criteria evalua-

tion (SMCE) requires the values contained in the criterion

map to be converted into comparable units. Therefore, the

criteria maps were re-classed into five comparable units,

i.e. suitability classes, namely 5 (‘‘excellent’’), 4 (‘‘good’’),

3 (‘‘moderate’’), 2 (‘‘unsuitable’’), and 1 (‘‘poor’’). The

suitability classes were then used as a base to generate the

criteria maps. Figure 1 also describes the methodology to

determine the potential RWH sites using RS and GIS.

Study area

The United Kingdom (Fig. 2) straddles the geographic

midlatitudes between 49–60 N. It is on the western sea-

board of Eurasia, the world’s largest land mass. These

conditions allow convergence between moist maritime air

and dry continental air. The mountains of Wales, Scotland,

the Pennines in Northern England and the moors of South

West England are the wettest spots of the country, and in

some of these places, as much as 2,500 mm of rain can fall

annually, making these places some of the wettest in

Europe. The wetter spot in the UK is Crib Goch, Snow-

donia, which has averaged 3,000 mm rain a year over the

past 30 years, whereas the dryer densely populated parts,

including the southeast of England, have an annual average

of 550 mm.

Data input and processing

Soil map

In our study, the soil map of 1:2,000,000 for the UK was

extracted from the soil map of the World in the world soil

resources report (FAO 1978). The legend of the original

soil map of the World (FAO 1974) comprises an esti-

mated 4,930 different map units, which consist of soil

units or associations of soil units. When a map unit is not

homogeneous, it is composed of a dominant soil and

component soils. The latter are associated soils, which

cover at least 20 % of the area, and inclusions, important

soils, which cover less than 20 % of the area. The soil

map was classified into eight classes as shown in Fig. 3,

where the clay soil has the lowest infiltration rate when

thoroughly wetted and classified as mainly or low deep

infiltration. In addition, sandy soil has the highest infil-

tration rates.

Land cover and land use

The Land use and land cover (LULC) map 2000 (Fig. 4),

obtained from Centre for Ecology and Hydrology, is a

parcel-based thematic classification of satellite image data
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Fig. 1 Conceptual framework of RWH potential mapping
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covering the entire UK. This map was derived from a

computer classification of satellite scenes obtained mainly

from the Landsat sensor. Image segmentation technique for

LULC classification was used to identify land parcels in the

pixel-based images. The segmentation recorded a field-by-

field pattern, thus separating land use zones within urban

and suburban areas, and subdividing mosaics of seminat-

ural vegetation. Generalization gave minimum mappable

units of a half hectare. It also incorporated information

derived from other ancillary datasets. This map was clas-

sified using a hierarchical nomenclature corresponding to

the Joint Nature Conservation Committee (JNCC) Broad

Habitats, which encompassed the entire range of UK hab-

itats. An automated procedure grouped the image pixels

into spectrally ‘uniform’ segments. These were built

around ‘seedpoints’ selected to avoid parcel boundaries.

Slope (topography)

A 30-m digital elevation model (DEM) was used to gen-

erate the slope map for UK. The DEM was analysed to

remove sinks and flat areas to maintain the continuity of

flow to the catchment outlets. GIS was used for DEM

preparation by filling the sink areas, so the DEM is ready

for the next step as presented in Fig. 5. Slope map (Fig. 6)

for the study area was generated from UK filled DEM.

Runoff curve number (CN)

The runoff curve number (CN) is a hydrological parameter

used to describe the stormwater runoff potential for

drainage areas. This number is a function of land use, soil

type, and soil texture. GIS was used to determine CN based

Fig. 2 Location map of the

studying area

Environ Earth Sci (2015) 73:8621–8638 8625

123



on the area’s hydrological soil group (HSG), land use, and

slope. The soil map for UK was used to build a soil

hydrological groups’ map. LULC map 2000 for UK was

reclassified into four main classes (forest, grass and shrub,

cropland, and bare soil). Slope map for UK was generated

from a 30-m DEM. The previously mentioned three maps

(soil type, LULC, slope) were combined into one map

using GIS, and a new field was added to the attribute table

of the curve number. The CN values for different land uses,

soil types, and slopes were obtained from Liu and De

Smedt (2004). Figure 7 shows the map of CNs calculated

from the combinations of the slope, soil type, and land use

class.

Runoff curve number (Fig. 7) estimates total runoff from

total storm rainfall. This relationship excludes time variable

and rainfall intensity. However, its stability is ensured

because runoff depth (Q) is bounded between zero and the

maximum rainfall depth (P). This implies that as rainfall

amount increases the actual retention (P - Q) approaches a

constant value, i.e. the maximum potential retention (Ponce

and Hawkins 1996). The runoff coefficient can be derived as

either an event runoff coefficient or an annual runoff coef-

ficient. The event runoff coefficient is defined as the portion

of rainfall that becomes direct runoff during an event. In

hydrological modelling it represents the lumped effect of a

number of processes in a catchment, which may include

interception, evaporation, rainfall intensity, initial abstrac-

tion, and hence runoff (Viglione et al. 2009).

Annual runoff depth derived for this study, as opposed

to event runoff curve number for annual rainfall, is to

establish the runoff amount that could be available for

agricultural production. This method takes into account

Fig. 3 Soil texture map for the

study area
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rainfall events that do not significantly contribute to any

runoff. The annual runoff depth is derived using the annual

rainfall surplus and runoff curve number per pixel based on

the raster calculator tool in ArcGIS, which gives an indi-

cation of the percentage rainfall that is transformed to

runoff.

Rainfall surplus

The amount of rainfall at different locations in the UK was

collected for a period of 31 years. In the wetter western and

northern regions, the network of climate stations is rela-

tively sparse. Therefore, remote sensing rainfall data were

used for this study. The results from station data and

satellite-derived rainfall can show how the amounts of

satellite image-derived rainfall fit to the gauged rainfall. It

has been shown that in the absence of reliable observation

data from gauges, the RS data can satisfactorily be used to

estimate the spatial rainfall distribution. Therefore, the

following climate data were interpolated to obtain the

spatial rainfall distribution using the inverse distance-

weighted method:

1. Satellite images for monthly global precipitation from

1979 to 2009, obtained from the World Data Center for

Meteorology.

2. NASA Tropical Rainfall Measuring Mission (TRMM)

Monthly Global Precipitation Data from 1998 to 2010,

obtained from NASA GES Distributed Active Archive

Center.

The rainfall surplus (P-ET) map was obtained by sub-

tracting the values of long-term average monthly

Fig. 4 Classified LULC map

for UK
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evapotranspiration (calculated using Penman–Monteith

method) from the precipitation in the period from 1950 to

2012. The annual rainfall surplus was calculated at each

area by adding only the positive values of the difference

(P-ET). The spatial distribution of rainfall surplus map

(Fig. 8) was generated by interpolating previous data

values using inverse distance-weighted method in

ArcGIS.

Figure 8 shows that towards the northwest, rainfall is

very high and the rainfall also varies greatly between years.

Therefore, the mapped rainfall surplus was an average of

annual rainfall including wet and dry years. One of the

main issues is how to increase the efficiency of runoff

water use for human, animal consumption and cultivation,

and to minimize soil erosion. This is possible because the

geography and hydrology in this area are ideal for effective

use of water harvesting systems, although the higher pop-

ulated areas have the lowest rainfall with an annual average

of 600–1,000 mm. It is worth noting that the suggested

approach does not have any uncertainty issues because it

has already included wet and dry seasons. For instance,

even in dry periods, RWH applied in wet years can harvest

a huge amount of water, which can then provide for use in

dry years. Surely, this depends on the storage capacity of

RWH and how many wet and dry periods we will have.

Therefore, the designed reservoir has the capacity to

enhance water availability and land productivity in the dry

periods.

Rainfall–runoff relationships in the UK are obtained

using the Soil Conservation Service (SCS) curve number

method. In the hydrological modelling based on remote

sensing data in GIS environment, the SCS curve runoff

Fig. 5 The exploitation of

digital elevation model for UK
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model is particularly suitable due to its reliance on land

cover parameters, which can be extracted from RS (Senay

and Verdin 2004). This method has several advantages

mainly due to its simplicity to apply and acceptability,

although the method also has some disadvantages. The

major disadvantages of this method are sensitivity of the

method to curve number (CN) values, fixing the initial

abstraction ratio, and lack of clear guidance on how to vary

Antecedent Moisture Conditions (AMC) (Ponce and

Hawkins 1996). Moreover, this method is found to be most

appropriate for runoff estimation in the absence of accurate

hydrological and topographical data (Senay and Verdin

2004). In our study, annual runoff depth (Fig. 9) was

derived based on the annual rainfall surplus and runoff

curve number per pixel using the raster calculator tool in

ArcGIS.

Main processing and model development

Assessment of suitability level of criteria for RWH

Areas with large rainfall surplus have a high suitability

rank since the surplus ensures the availability of runoff for

RWH (Mahmoud 2014b). RWH is generally more suitable

for flat areas with low slopes; however, note that a mild

slope is needed for better capturing the runoff. Therefore,

areas with slopes of 2–8 % have a high suitability rank.

Runoff index for CN[50 is indicative of a potential area

for RWH. However, in the case of green roofs, there is no

need for such slopes; hence, each roof can be modified

based on the suggested design and the requested capacity.

Mkiramwinyi (2006) had a detailed analysis of the suit-

ability rankings. The values for each suitability category

Fig. 6 Slope map for

identifying potential RWH
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were scaled from 1 to 9 based on the criteria by Burnside

et al. (2002). Their method has been found to be robust and

reliable (Diamond and Parteno 2004; Mahmoud and Ala-

zba 2014). The suitability rankings for soil texture, rainfall

surplus, slope, land cover, and runoff coefficient (RC) are

shown in Table 1.

Assignments of weights to the criteria

The weights were assigned to the criteria by applying the

pairwise ranking and rank sum methods. The final weight

calculation requires the computation of the principal

eigenvector of the pairwise comparison matrix to produce a

best-fit set of weights. The weight module of Idrisi soft-

ware was used for this calculation. In the weighting of

IDRISI Selva 17, the procedure is based on the Analytic

Hierarchy Process (AHP). AHP is a multi-criteria decision-

making (MCDM) approach introduced by Saaty (1977,

1980, 1990, 1994, 2008). AHP is a GIS-based MCDM

method that combines and transforms spatial data (input)

into result decision (output). The procedures include the

utilization of geographical data, the decision maker’s

preferences and manipulation of the data. The preferences

are according to specified decision rules referred to as

factors and constraints. The first step was to make a

judgement of the relative importance of pairwise combi-

nations of the factors involved. In making these judgments,

a nine-point rating scale based on the criteria by Burnside

et al. (2002) was used as shown in Table 2.

The expected value method calculates the weight, Wk,

for criterion k according to Eq. 1 (Janssen and Van Her-

wijnen 1994)

Fig. 7 Distribution of CN
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Wev
k ¼

Xnþ1�k

i¼1

1

nðnþ 1� iÞ; ð1Þ

where n is the number of criteria and k is the criterion.

The rank sum method calculates the weight, Wk, for

criterion k using Eq. 2.

Wk ¼
nþ 1� kPn

i¼1 ðnþ 1� iÞ ; ð2Þ

where n is the number of criteria and k is the criterion

The accuracy of pairwise comparison is assessed through

the computation of the consistency index (CI). This index

determines the inconsistencies in the pairwise judgments

hence allowing for the re-evaluation of comparative. The

consistency index (CI), a measure of departure from con-

sistency based on the comparison matrices, is defined as

CI ¼ k� n

n� 1
; ð3Þ

where k is the average value of consistency vector and n is

the number of columns in the matrix (Saaty 1990; Vahidnia

et al. 2008; Garfı̀ et al. 2009). The consistency rational

(CR) is then calculated as

CR ¼ CI=RI, ð4Þ

where the random index (RI) is an index that depends on

the number of elements being compared (Garfı̀ et al. 2009).

A detailed analysis table of the RIs in matrices of order

1–15 is given by Saaty (1980). The pairwise rating pro-

cedure has several advantages. First, the ratings are inde-

pendent of any specific measurement scale. Second, the

procedure, by its very nature, encourages discussion,

leading to a consensus on the weights to be used. In

Fig. 8 Rainfall surplus map

for UK

Environ Earth Sci (2015) 73:8621–8638 8631

123



addition, the criteria, which were omitted from initial

deliberations, are quickly uncovered through the discus-

sions that accompany this procedure. However, experience

has shown that whilst it is not difficult to come up with a

set of ratings by this means, the ratings are not always

consistent. Thus, the technique of developing weights from

these ratings also needs to be sensitive to these problems

with certain inconsistency and error. To provide a sys-

tematic procedure for comparison, a pairwise comparison

matrix was created by setting out one row and one column

for each factor in the problem (Table 3). The rating was

then done for each cell in the matrix. Since the matrix was

Fig. 9 Annual runoff depth

for UK

Table 1 Suitability levels for different factors to identify potential sites for RWH

Suitability values 5 4 3 2 1

Soil texture Fine Fine and medium Medium Medium and coarse Coarse

Rainfall surplus Large surplus Small surplus Medium deficit Large deficit Very large deficit

Slope (%) 2–8 8–15 0–2 15–30 [30

Land cover Intensively cultivated Moderately cultivated Forest, exposed surface Mountain Water body, urban areas

CN 70–100 50–70 40–50 30–40 0–30
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symmetrical, the ratings were provided for one-half of the

matrix and then inferred for the other half.

The consistency rational (CR) of the matrix shows the

degree of consistency that has been achieved during com-

paring of the criteria. The probability was 0.02 when the

matrix rating was randomly generated, which is less than

0.10 (Saaty 1977). Therefore, the ratings have acceptable

consistency.

Development of a GIS-based suitability model

The model builder of ArcGIS 10.1 was used in generating

the RWH suitability map. The spatial analyst tool of Arc-

GIS 10.1 is utilized in this model to solve spatial problems

in the process of identifying suitable areas. The model

generates suitability maps for RWH by integrating differ-

ent input criteria maps using weighted overlay process

(WOP) and by utilizing both vector and raster databases.

With a weighted linear combination, criteria were com-

bined by applying a weight to each criterion and then

followed by a summation of the results to yield a suitability

map using the weight module of Idrisi software. The final

weight is shown in Table 4. The spatial extents of suit-

ability areas for RWH were identified using MCE.

Results and discussion

Geographic information system provides decision makers

with a powerful set of tools for the processing and analysis

of spatial information. Multi-criteria evaluation (MCE) is

one of the decision support system solutions for such

complex choice situations as appeared in land suitability

evaluation. The integration of decision support system with

GIS provides the users with a means to evaluate various

alternatives based on multiple and conflicting criteria and

objectives. A DSS typically includes the following main

components: (1) a database management system, (2) a set

of potential analytical models used to simulate scenarios,

and (3) a graphical user interface. The DSS provides the

Table 2 Nine-point rating scale Intensity of

importance

Definition Explanation

1 Equal importance Two activities contribute to the objects

2 Weak or sight

3 Moderate importance Experience and judgment slightly prefer one activity

over another4 Moderate plus

5 Strong important

6 Strong plus

7 demonstrated An activity is favoured very strongly over another;

it is dominance demonstrated in practice8 Very strong

9 Extreme importance The evidence favouring one activity over another

is of the highest possible order of affirmation

Reciprocals

of above

If activity i has one of the

above non-zero numbers

assigned to it when compared

with activity then j has the

reciprocal value when

compared with i

A reasonable assumption

1.1–1.9 If the activities are very close May be difficult to assign the best value but when

compared with others contrasting activities

The size of the small numbers would not be noticeable

,yet they can still indicate the relative importance of

the activities

Table 3 Pairwise comparison

matrix for RWH areas
Texture Land cover Slope Rainfall surplus Runoff depth

Texture 1 6 5 3 1

Land cover 1/6 1 1/2 1/4 1/7

Slope 1/5 2 1 1/3 1/4

Rainfall surplus 1/3 4 3 1 1/3

Runoff depth 1 7 4 3 1
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users with a decision-making environment and a unique

optimal solution for complex problems throughout data-

base management systems.

In our study, a suitability map for RWH and storm-

water management in the entire UK has been identified

with five suitability classes: excellent, good, moderate,

poor and unsuitable suitability (Fig. 10). The sites shown

in the map (Fig. 10) are those identified by DSS with

either very high or high suitability levels for RWH. The

excellent and good areas lie mainly in the northwest and

western part of UK, where there is enough rainfall to

cause floods. The southeast and eastern parts almost have

the same categories, which are good, moderate, poor and

unsuitable categories for RWH, and some of the areas are

even facing water scarcity. This is attributed to the dif-

ference in the spatial variability of parameters, such as

soil, rainfall surplus, and slope. The difference is impor-

tant for identifying potential sites for RWH technologies.

Our results agree well with field observations, which

indicated that most of the areas with excellent and good

suitability have slopes between 2 and 8 % and are inten-

sively cultivated area. The areas with excellent and good

suitability have an annual rainfall between 1,000 and

3,000 mm, and the soil type is mainly clay, clay loam, and

loam. Furthermore, the results agree well with the findings

by Mbilinyi et al. (2007).

Table 5 shows the potential suitable sites calculated by

the DSS for the study area for different types of RWH and

stormwater management technologies. On average, 18.95

and 27.25 % of the total area have excellent and good

suitability for RWH, respectively; about 23.53 % of the

total area has moderate suitability, whereas about 30.26

and 0.02 % of the total area have unsuitable and poor

suitability, respectively. Sitting RWH structures in the

northwest and western parts of UK are highly recom-

mended for future, because scarcity will increase in these

areas. The use of rainwater in these potential locations can

not only provide a free source of water to decision makers,

but also reduce the potential risk of the increase of dry

spells and improve demand management of water.

In the northwest and western parts of UK, a large

amount of rainfall can be harvested for groundwater

recharge during wet years, which can then be used during

dry seasons. Applying such smart techniques will also

reduce the increasing pressures on our demands for ser-

vices, including reliable water access when other water

sources are unavailable. Meanwhile, this technique will

assist decision makers to foster the development with the

growing population. Virtually, the northwest and western

parts of the UK are the ideal places for promoting these

techniques, because these places have been suffering

surface water flooding. Therefore, having stormwater

harvesting constructions in these areas is very important

for public services to protect the areas from flood risk.

This is especially appropriate for the water-related infra-

structures near rivers. For example, over 55 % of water

and sewage pumping stations/treatment works in the UK

are in flood risk areas, with 34 % at significant risk (EA

2009). Setting up new RWH structures is a smart way for

reducing flood risk, thus allowing floodplains and river

corridors to return to their natural conditions. As a result,

this will increase, conserve and protect the areas like

wetlands and salt marshes, ultimately improving habitat

for wildlife.

On the other hand, for a sewage system, the situation

may become more complicated, because these systems

were designed with a limited capacity to serve as sewage

systems rather than as flood or stormwater control sys-

tems. For future prospective, it is most likely that climate

change could lead to increased rainfall and runoff, higher

coastal storm surges, and increased development pres-

sures. Consequently, the climate change will result in

higher frequency and intensity of rainfall in wet years,

which will cause more floods. Therefore, separate RWH

constructions in the high suitability areas can remove

current dual function of dealing with sewage and surface

water runoff in urban areas. Thus, it will also reduce

flood risk and improve the environment. As the avail-

ability of water is critical for ecosystem health and

productivity, secure supply of a range of products and

services will also benefit human well being (GEO4 2007;

MEA 2005).

The topography and climatic conditions of the UK

combine to create two main categories: the wetter western

and northern regions. More specifically, the mountains in

these areas are wetter than the lowlands in the east, where

the rainfall is very high. The spatial distributions of

modelled CN show a large variation from 3 to 100

(Fig. 7). The mountainous area has the largest surface

runoff depth due to its soil type, land cover conditions,

and the steep slope. Hence, the mountainous area is

exposed to the formation of clouds and fog, which often

happens in winter owing to air masses coming from the

Atlantic Ocean and latitude. In the drier southern and

eastern regions of the UK (England and Wales), the

Table 4 Weight (percent of influence)

No. Criteria Weight Weight %

1 Soil texture 0.361 36.063

2 Land cover/use 0.047 4.683

3 Slope 0.077 7.676

4 Rainfall surplus 0.160 15.996

5 Runoff depth 0.356 35.582

Sum 1 100
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spatial distribution of climate station network is generally

more homogeneous. The suitability map for RWH tech-

nologies in these regions is identified in Fig. 11. There-

fore, this map can be used for a recommendation for the

potential suitable locations of RWH. Suitable sites in this

map can also be used for planning artificial groundwater

recharge structure. Excellent and good suitable locations

in England and Wales have an annual rainfall range from

700 to 2,000 mm.

The large spatial variability in mean runoff CN can be

well explained by mean annual precipitation. The runoff CN

tends to increase during wet years. The significance of this

relationship implies that the frequency and intensity of pre-

cipitation during the wet and dry years influences the dis-

tribution of runoff coefficients. This impact is not only

through the characteristics of the flood-generating storm

events, but also by controlling the variability of the initial

conditions and, at longer time scales, e.g. by controlling the

geomorphological structure of catchments through soil for-

mation and erosion processes. The results of the modelled

curve number show that the developed areas have the highest

runoff curve number and the highest potential of flooding.

Fig. 10 Suitability RWH map

for the study area

Table 5 Areas under different suitability classes

Suitability Percent of total area

Excellent 18.95

Good 27.25

Moderate 23.53

Unsuitable 30.26

Poor 0.02
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Conclusion and recommendations

The output of this study is the generated suitability map

for RWH/groundwater recharge structure, which would

certainly be very useful for decision makers and water

resources planers in the UK to make appropriate planning

and management of water environment now and for the

future. The results may also help planners manage rain-

water in similar regions in Europe. Furthermore, more

feasibility studies can be conducted for various techniques

used in rainwater harvesting to identify site-specific

mechanisms, which enlarge groundwater recharge from

catchment areas, such as the construction of small dams,

bounds, soil pits, recharge wells, and tanks. Moreover,

various studies are also required for tackling environ-

mental challenges. The impact of these studies could be

more significant in the high-density area. Therefore,

capturing rainwater runoff may increase water availability

and reduce water demand. The suitability map for RWH

in the UK has been identified using a geographic infor-

mation system (GIS)-based decision support system

(DSS) and remote sensing. The obtained spatial distribu-

tion of the suitability map showed that the excellent

suitable areas for RWH are mainly in the western and

southern regions of UK. This map can be used to set up

RWH structures at the most suitable locations to ensure

their successful application for providing water for vari-

ous uses, such as agriculture.

This study also provides the potential solutions for a

number of problems in the areas either facing flood risk or

linked to the centralized systems of water supply and dis-

posal in England and Wales, as identified by Geiger (1995)

and Pratt (1999), such as:

• Increasing water demand, which cannot be satisfied

without the development of new resources.

• Available resources, not located in the areas of high

demand, which can result in inappropriate water

distribution over large distances. This needs to improve

the performance of agricultural systems through ongo-

ing efforts to develop and apply new technologies and

adapt them to achieve self-sufficiency.

Increased risk of flooding and adverse changes to the

receiving water quality and aquatic ecosystem, which is due

to increased surface runoff volumes either from urban

expansion and highway developments or the impact of cli-

mate change. However, a successful implementation of

RWH techniques in these areas can provide a means for

reducing flooding and ensuring a clean water supply for

residents at the same time.Good examples for that are seen in

Japan and South Korea, where the government requires a

RWH system for any new house. The implementation of

Fig. 11 Suitability RWH map for England and Wales with suggested locations
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RWH techniques produces a general awareness among

people in remote areas that suffer from a scarcity of water

resources. It also provides local innovations, creations, and

strategies for RWH.
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