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Abstract The optimal management of water resources
requires that the collected hydrogeological, meteorological,
and spatial data be simulated and analyzed with appropriate
models. In this study, a catchment-scale distributed hy-
drological modeling approach is applied to simulate water
stress for the years 2000 and 2050 in a data scarce Pra
Basin, Ghana. The model is divided into three parts: The
first computes surface and groundwater availability as well
as shallow and deep groundwater residence times by using
POLFLOW model; the second extends the POLFLOW
model with water demand (Domestic, Industrial and
Agricultural) model; and the third part involves modeling
water stress indices—from the ratio of water demand to
water availability—for every part of the basin. On water
availability, the model estimated long-term annual Pra
river discharge at the outflow point of the basin, Deboase,
to be 198 m?/s as against long-term average measurement
of 197 m’/s. Moreover, the relationship between simulated
discharge and measured discharge at 9 substations in the
basin scored Nash—Sutcliffe model efficiency coefficient of
0.98, which indicates that the model estimation is in
agreement with the long-term measured discharge. The
estimated total water demand significantly increases from
959,049,096 m3/year in 2000 to 3,749,559,019 m3/year in
2050 (p < 0.05). The number of districts experiencing
water stress significantly increases (p = 0.00044) from 8 in
2000 to 21 out of 35 by the year 2050. This study will
among other things help the stakeholders in water
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resources management to identify and manage water stress
areas in the basin.

Keywords PCRaster - GIS - River discharge - Water
vulnerability - Groundwater - POLFLOW

Introduction

Water vulnerability is often estimated from the ratio of
water demand and water availability, with water stress
occurring when the local water demand exceeds the local
water availability (Wada 2008). Ledger (1972) pioneered
the studies of water availability and water demand in a case
study in Warwickshire Avon, England. However, Falken-
mark (1989) was the first to have estimated water stress
indices based on available freshwater resources and water
per capita. Falkenmark’s estimation did not account for
industrial and agricultural water demand, but Oki and
Kanae (2006) accounted for them in their estimation of
water stress.

At continental levels, there are many macroscale hy-
drological models (MHMs) that have been developed to
simulate water stress by using water availability and water
demand (Takahashi et al. 2000; Vorosmarty et al. 2000;
Oki et al. 2001; Alcamo et al. 2003a, b; Arnell 2003; Doll
et al. 2003; Widen-Nilsson et al. 2007). However, due to
their lower spatial resolution of 0.5°, the MHMs may not
be suitable for catchment water vulnerability analysis.
Catchment models such as MIKE-SHE (DHI 2000),
MIKE-11 (Havng et al. 1995), HEC-RAS (Brunner 2008),
TOPKAPI(Ciarapica and Todini 2002), TOPMODEL
(Beven and Kirkby 1979), MODFLOW (Baalousha 2012),
and LISFLOOD (Van Der Knijff et al. 2008) can be used to
estimate water availability, but they lack water demand
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component. While these catchment models are powerful in
the estimation of water availability, they are not suitable
for long-term average water availability simulation.
Moreover, they loosely model coupled relationship be-
tween surface water and groundwater.

POLFLOW is a catchment-scale hydrological model
developed for the simulation of water and nutrient fluxes
(De Wit 2001). POLFLOW is embedded in PCRaster
(Karssenberg 1996, 2002) language. Though the model has
been developed for nutrient fluxes, the water flux compo-
nent can be separated and used for another application. For
instance, POLFLOW has been separately used for the es-
timation of changes in surface and groundwater resources
(Jarsjo et al. 2004; Durdu 2005). “The long-term average
total runoff, the groundwater recharge index, and the
groundwater residence time are the determinant factors in
the model” (Durdu 2005). The POLFLOW model has also
been applied in several other European river basins (De
Wit 2001; Greffe 2003; Jarsjo et al. 2004; Durdu 2005).
Like other similar catchment models, POLFLOW lacks
water demand component. This study extends POLFLOW
water flux model with water demand module for the esti-
mation of water stress for Pra Basin of Ghana.

In the Pra Basin, IPCC (2007) projected a slight increase
in rainfall and 3—4 °C increase in temperature by the end of
the twenty-first century. How will climate change affect the
basin’s hydrology? Opoku-Ankomah (2000) used a lumped
model, for the whole of the basin, to compute water vul-
nerability index using only surface water discharge and
total population of the basin. Though the study computed
vulnerability index of 442 persons/10°m? of surface water,
it could not spatially identify those areas in the basin that
are experiencing vulnerability. The complex relationship
between water supply and water demand compelled Water
Resources Commission (Water-Resources-Commission
2012) of Ghana to establish the Pra River Basin Board—a
decentralized management body to facilitate the imple-
mentation of Integrated Water Resources Management
(IWRM). This body seeks to promote the coordinated de-
velopment and management of water, land, and related
resources in order to maximize the resultant economic and
social welfare in an equitable manner without compro-
mising the sustainability of vital ecosystems.

The main objective of the study was to develop a
catchment-scale distributed hydrological model for
simulation of water stress, for the years 2000 and 2050, in
the Pra Basin, Ghana. The first specific objective was to
estimate surface and groundwater availability. Secondly,
the study extends POLFLOW model by adding a water
demand model. The third objective was to compute water
stress indices—from the ratio of water demand and water
availability in the basin. The first hypothesis of the study is
that there will be no significant difference between the
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estimated water demand in 2000 and 2050, while the sec-
ond hypothesis is that the number of districts experiencing
water stress in the basin will not significantly differ in the
years 2000 and 2050.

Methodology
The study area

The Pra Basin with an area of 23,000 km? is one of the
south-western catchments (Opoku-Ankomah 2000) that
occupy 20 % of the land area of Ghana (Fig. 1).

The basin is a home to four administrative regions—
Ashanti, Eastern, Western, and Central—as well as 41
districts in Ghana. While population in the basin increases
from southern part to the north, annual rainfall and tem-
perature decrease with increasing levels of evapotranspi-
ration. These climatic elements are also seasonally based,
which brings about frequent climatic and hydrological
droughts in the dry season and flooding in the rainy season.
The basin has a populated farmland and rapidly developing
urban and suburban areas. Its agriculture is mainly rain fed,
and there is high agricultural water demand for irrigation.
There is also high industrial and domestic water demand
due to economic growth and high population growth.
Moreover, there are already some districts in the basin,
though not urban, where water demand is outgrowing water
availability or supply, and this is further exacerbated by the
continuous growth of population and climate change. The
basin is divided into three sub-basins and they include
Offin river, Oda river, and Birim river. The Offin is found
in the upper west of the basin, while the Oda is found in the
middle part of the basin with Birim in the eastern part
(Fig. 1). The basin is also the home of the largest natural
lake (Bosomtwe) in Ghana.

Theory and calculation

In this study, water stress is modeled by dividing water
demand by water availability (Wada 2008). The model is
divided into 3 parts (and they are all captured in Fig. 2). The
first part computes water availability by using POLFLOW
(De Wit 2001) model; the second part extends the POL-
FLOW model with water demand model. The third part
involves modeling water vulnerability indices for the basin.
In this study, POLFLOW model is extended by accounting
for water demand/use in estimating long-term average wa-
ter fluxes in Pra Basin (Fig. 2). Moreover, this model unlike
the original POLFLOW will estimate annual river discharge
(Q) by including only part of groundwater recharge that is
less than or equal to one year old because the model tem-
poral framework is annually based (De Wit 2001).
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Fig. 1 The location of the study
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Water availability estimation

From Fig. 2, total runoff was estimated as:

Q=P-E, (1)

where Q is the long-term average annual runoff (mm/year),
P is the long-term average precipitation (mm/year), and E,
is the long-term average actual evapotranspiration (mm/
year). There are two methods of estimating actual
evapotranspiration in POLFLOW: (1) Wendland (1992)
and (2) Meinardi et al. (1994) methods. Wendland (1992)
calculated evapotranspiration by empirically relating it to

soil and land cover through the use of crop coefficients.
Meinardi et al. (1994) estimated actual evapotranspiration
based on Turc (1954) precipitation and potential

evapotranspiration (E,) model as:
P
E,=——. (2)
2
(0.0+45)

Langbein (1949) estimated E,, as a function of long-term
temperature (7, °C) as:

E, =325+ (21 x T) + (0.9 + T?). (3)
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Fig. 2 The conceptual
framework and flowchart of the

model. Legend: Ry is surface Rain PET
runoff and soil interflow
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for groundwater recharge; PET
is potential evapotranspiration;
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It can be seen in Fig. 2 that total runoff (Q) is also equal
to:

Q=R + Row (4)

where R, is surface runoff and soil interflow contribution,
R,,, is amount of precipitation surplus available for
groundwater recharge. The groundwater recharge (GW)
(Jarsjo et al. 2004) was estimated as:

Royw = GW = fo, - O (5)

where f,,, is groundwater index. The surface runoff in
Eq. (4) was estimated as:

Rs = (1-fw) - Q (6)
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few = if(groundwater level near the surface then, water,
else(1 + (3(slope + 0.0001))). (7)

The deep groundwater recharge index (fyow) Wwas
described as a function of aquifer type, texture of the top
soil, groundwater level, slope, and land use:

Fiow = fut Fine Fho - (1= (slope +107)°4)  (8)

where “aq” is related to aquifer characteristics, “so” is
related to soil characteristics, and “Ic” is related to land use
characteristics (Tables 1, 2).

Once groundwater recharges were computed, the resi-
dence time—the time it takes for underground water to join
surface water—was computed as a function of groundwater



Appl Water Sci (2017) 7:137-153

141

Table 1 The tabulated parameter values of deep groundwater recharge index and aquifer type (ﬁ‘;*w), primary porosity(pp), and conductivity of

the aquifer (ca) (Meinardi et al. 1994)

Aquifer type jfw pp (—) ca (mday ™"
Unconsolidated sedimentary aquifer: good permeability 0.95 0.10-0.15 35-52
Unconsolidated sedimentary aquifer: poor permeability 0.80 0.05-0.10 17-35
Consolidated sedimentary aquifer: good permeability 0.70 0.10-0.15 35-52
Consolidated sedimentary aquifer: poor permeability 0.50 0.05-0.10 17-35
Igneous and metamorphous rock: modest permeability 0.40 0.10-0.15 35-52
Igneous and metamorphous rock: poor permeability 0.10 0.05-0.10 17-35
Incidentally brackish groundwater 0.80 0.10-0.15 35-52
Generally brackish or saline groundwater 0.80 0.05-0.10 17-35
Surface water 0.00 0

Table 2 The tabulated parameter values of soil (f;gw) and land cover
(f(ﬁw) indices (Meinardi et al. 1994)

Soil type dqw  Land cover (}flw
Sand 0.95  Forest 1.00
Loam/sand 0.75  Permanent crops, others  0.95
Loam 0.50  Agricultural land 0.90
Loam/clay 0.25  Built up 0.40
Clay 0.05 Water 0.00

Groundwater near surface  0.10

velocity (v, m/day), conductivity of aquifer (ca, m/day),
primary effective porosity (pp, m’/m’), and hydraulic
gradient (h, m/m) as (Wendland 1992):

(ca x h)

v=rE )

Wendland (1992) provided empirical average values of
primary effective porosity and conductivity of aquifers.

Average shallow groundwater residence time was
estimated as:
Ip
RTgw = ——— 10
¢ (v +360) (10)

where RT,,,, is the average shallow groundwater residence
time (year), lp is the average length of underground flow
path (m), and 360 is a conversion factor (days per year).
The distance parameter can be estimated as a function of
the stream density:

1000
Ip = 11
P 2 X ns (11)

where ns is the number of streams per km? and 1000 is a
conversion factor from kilometers to meters. If there is no
stream density map, “ns” can be estimated as:

0\"
ns = if | water, then, 2, else () .

450 (12)

The final part of water fluxes as shown in Fig. 2 is the
deep groundwater residence time, and it was estimated as:

1
000 x tp x at (13)

RTyew = P
Jdgw

where RTgg,, is the average deep groundwater residence
time (year), tp is the total effective aquifer porosity (m>/
m3), at is the aquifer thickness (m), fgew is the long-term
average deep groundwater recharge (mm/year), and 1000 is
a conversion factor (mm to m).

Water demand estimation

The total water demand in the Pra Basin comprises do-
mestic water demand, industrial water demand, and agri-
cultural water demand. Domestic water demand was
estimated as:

Do = Pistrict X pleé(c)?)pita X 365 (14)

where Dy, 18 annual domestic water demand (m3/year),
Pgiswice 18 annual population of a district, and per capita is
per capita water demand (liters/capita/day). The numbers
365 and 1000 are to convert it from day to year and liters to
m?, respectively. Average per capita water demand in the
Pra Basin has been estimated by Opoku-Ankomah (2000)
to be 65 l/c/d.

There are limited lumped data on industrial water de-
mand in the basin. The data on large-scale industrial water
demand (Table 3) were extracted from EPA (2000). All the
large annual-scale industrial water demand was computed
by multiplying the demand by 310 working days. Small-
scale industries, however, are common in the basin, but
there were no data on them. Small-scale water demand was
estimated based on the proportion of the working popula-
tion in the industries (Table 5). In developing countries, it
has been estimated that 4.3 % of water use is industrial as
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Table 3 Major industries and their water demand in the Pra Basin
(EPA 2000)

Industry Town Demand/use (m*/
year)

Guinness Ghana limited Kumasi 72,000

Kumasi Brewery limited (KBL) Kumasi 4515

Ashanti Goldfields Corporation Obuasi 9300

Dunkwa Continental Gold mines  Konongo 9300
AGC Anyanfuri 9300
Midras minings Kibi 9300
Konongo 9300
Akwatia 9300

Obenemasi Gold mines

Ghana Consolidated Diamond
limited

Table 4 Irrigation water demand (EPA 2000)

Site Area (Ha) Demand (million m?)
Komenda 2000 84

Nobewam 80 3.36

Adiembra 96 3.84

against 12.6 % for domestic (Wada 2008). Therefore, in-
dustrial water demand at district level was estimated as:

A D
Dindusy = 3115 % 034 3‘2’;" (15)

where Dijqusiry 18 small-scale industrial demand in a year
(311 working days), A is average proportion of industrial
economic activities in a district (computed from Table 5),
4.3 is percentage of industrial water use in developing
countries (Wada 2008), 0.34 is the ratio between industrial
water use in developing countries (4.3 %) and domestic
water use (12.6 %).

Agricultural water demand consists of livestock water
demand and irrigation water demand. There were no data
on livestock water demand, and it was estimated based on
6 % of rural water demand as (Water-Resources-Com-
mission 2012):

Demandjjyesiock = 0.06 X Demand,q) (16)

Prural X percapita x 365
17
1000 (17)

where P, is population of rural areas in each district.
Large-scale irrigation water demand data were abstracted
from EPA (2000). The main irrigation dams and their water
demand are listed in Table 4. “Informal urban and peri
urban irrigation is practiced around some towns in the
basin. There is little data on the overall extent of this
informal irrigation in the basin. However, it is estimated
that there are at least 12,700 smallholders irrigating more

Demand,q =
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than 11,900 ha in the dry season around Kumasi
[Metropolitan Assembly] alone, which is more than the
area currently functioning under formal irrigation in the
whole of the country.” (Water-Resources-Commission

2012). Just like industrial water demand, informal
irrigation water demand was estimated as:
A Ddom
Dirtigation = 311 — x 19 18
irrigation 33 365 ( )

where Dipigation 18 an informal irrigation water demand in a
year (311 working days), A is an average proportion of
agricultural activities in a district (computed from
Table 5), 83 is percentage of agricultural water use in de-
veloping countries (Wada 2008), 19 is the ratio between
agricultural water use in developing countries (83.1 %) and
domestic water use (12.6 %).

The total water demand is the summation of domestic,
industrial, and agricultural water demand:

Demand = Demandgomesiic + demand;ngustrial
+ demandjiyestock + demandirrigation (19)

Water stress estimation

Water stress was computed based on the scenario that all
the demand will be met by surface water only (Eq. 20),
groundwater only (Eq. 21), and from both surface and
groundwater (Eq. 22).

D d
VUIRS: —eman (20)
Rs
D d
Vuligy =~ (21)
W
Demand
Vulira = T (22)

The 2050 scenario analyses

The model also simulated 2050 water stress based on the
following scenarios:

e There is a climate change with a decrease in precipita-
tion relative to historical data and referred to as “drier”,
i.e., a 10 % reduction in precipitation relative to the
reference situation was applied.

e There is a climate change with an increase in
precipitation relative to historical data and referred to
as “wetter”. In this case, a 10 % increase in precipita-
tion relative to the reference.

e There is a climate change with 1 °C increase in
temperature.

For each scenario, the population of the district is
computed based on the growth rate as
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R = (( 20105 — Provsi) / 1995) 23)
n

where R is percentage growth rate for each district (i), P is
the population of a district, and n is the difference between
the years 2010 and 1995 (n = 15 years)

The 2050 projected population (P,gs0) status for each
district was then estimated as:

Paoso = Pioose™” (24)

where R;t is growth rate for each district over time, e is
natural log.

Input data

The data for the model were retrieved from Ghana Hy-
drological Services, Meteorological Services of Ghana,
Water Resources Commission of Ghana, and Districts and
Municipal assemblies. The data from “Ghana at glance”
also provided input variables such as land cover, soils,
geology, and vegetation (Owusu 2014). The weather data
were retrieved from three weather stations: Kumasi,
Dunkwa, and Oda (Fig. 3). The SRTM DEM (NASA 2004)
was used in this study (Table 6).

Model output

The model output includes the following maps:

Long-term average total runoff.
Groundwater recharge indices.
Groundwater residence time.
Water demand.

Surface water Vulnerability index.
Groundwater Vulnerability index.
Total Vulnerability index.

Nk wn =

Model calibration and validation

The POLFLOW model was calibrated and validated by
dividing the weather and discharge data into two:
1990-1995 and 1996-2000. The long-term annual average
of 1990-1995 data was used for calibration, while
1996-2000 was used for validation. The parameters were
first optimized at calibration stage, and at the validation
stage, the optimized parameters were used with the
validation data. The POLFLOW model was calibrated by
manually tuning aquifer index (fdagw), primary porosity (pp),

conductivity of the aquifer (ca), soil type index (fg,,,), and

land cover index (fcl1 ), as shown in Tables 1 and 2. Sev-

Cc

qw
eral runs of the model were performed for the various
combinations of the parameters. The optimized parameters’

values are shown in Table 7. The soil and land cover map
of the study areas are shown in Fig. 3. The estimated value
of groundwater recharge was also compared with EPA
(2000) values. The estimated water demand values were
compared with Gyau and Adom (EPA 2000) estimation.
The estimated water stress indices were compared with
Opoku-Ankomah (2000) estimation.

Evaluation of the model

The performance of the hydrological model was statisti-
cally evaluated based on nine observed records at the fol-
lowing substations (Fig. 2):

Outflow point at Deboase.

Mfensi and Dunkwa hydro-stations on Offin tributary.
Konongo and Anwia-Nkwanta on Oda tributary.
Bunso and Akim Oda on Birim River.

Assin-Praso and Twifo Praso on the main Pra River.

The statistical criteria of the evaluation were based on
the analysis of residual errors, i.e., the difference be-
tween observed (measured) and simulated values. The
normalized root mean square error (NRMSE) and the
Nash—Sutcliffe model efficiency coefficient (NSE) (Nash
and Sutcliffe 1970; Moriasi et al. 2007) were computed
as:

%Z Si - 0l
i=1
NRMSE = (23)
Omax Omin
Z (Oi S,)2
NSE =1 — |2 (24)

while S is simulated and O is observed for station i, Oy ax
and O,,;, are the maximum and minimum observed values,
respectively, and O™*" is the mean of observed data. NSE
“Values between 0.0 and 1.0 are generally viewed as ac-
ceptable levels of performance, whereas values <0.0 indi-
cates that the mean observed value is a better predictor than
the simulated value, which indicates unacceptable perfor-
mance” (Moriasi et al. 2007).

Results
Modeled versus measured discharge
The model estimated a long-term annual discharge of Pra

river at the outflow point at Deboase station to be
198.187 m’/s as against long-term average measurement
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Fig. 3 The soil and land cover maps of Pra Basin showing the overlay of hydrological and meteorological Stations

Table 6 Sources of data for the model

Data

Spatial resolution

Temporal resolution

Sources

Average annual precipitation
Average annual temperature
Average annual evapotranspiration
Geology

Hydrogeological map

Digital elevation model (DEM)
Slope

River network

Catchment boundary

Land cover

Soil map

District boundaries

Regional boundaries

Discharge data

Population
Reservoir

Livestock

1:1,000,000
1:2,000,000
90 m

90 m

90 m

90 m

30 m
1:250,000

District

1990-2000
1990-2000
1990-2000
2000
2004

1990-2000
1990-2000

1990-2000

1995, 2010

2000

Ghana Meteorological Service
Ghana Meteorological Service
Ghana Meteorological Service
EPA, Ghana geological Survey
EPA (2000)

USGS-SRTM

Derived from DEM

Derived from DEM

Derived from DEM
CERSGIS/Ghana at Glance
Soil Research

Lands Commission

Lands Commission
Hydrological Services Dept
Water Resources Commission
Statistical service

Water Resources Commission
Statistical service
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of 197 m*/s based on optimized parameters in Table 7. In
addition, model estimates are also available for upstream
and downstream of each tributary: A discharge of 9.95
and 71.01 m®/s was estimated at Mfensi and Dunkwa
hydro-stations on Offin tributary as against 10.3 and
76.2 m*/s that were measured, respectively. The model
estimates were 3.53 and 9.7 m*/s for Konongo and An-
wia-Nkwanta on the Oda tributary as against the 4.3 and
8.5 m>/s that were measured, respectively. On the Birim
tributary, the model estimates were 3.04 m®/s upstream
and 35.35 m’/s downstream as against 3.7 and 43.4 m’/s
that were measured for Bunso and Akim Oda stations,
respectively. On the Pra main River, the model estimates
were 88.1 m®/s upstream and 153 m’/s downstream as
against 83.6 and 179.05 m%/s that were measured for
Assin-Praso and Twifu Praso stations, respectively. Fig-
ure 4 shows the relationship between modeled and mea-
sured discharge at nine substations in the basin. The
normalized root mean square error (RMSE) was 1.6 %,
and Nash-Sutcliffe model efficiency coefficient was 0.98
for the calibrated model. At the validation stage, the root
mean square error (RMSE) was 2.5 %, while Nash—Sut-
cliffe model efficiency coefficient was 0.93; this indicates
that the model estimation is in agreement with the long-
term measured discharge.

Table 7 The values of the optimized parameters of the recharge model

Modeled total runoff, quick runoff, and total
groundwater recharge

Figure 5 shows the estimated total runoff (Eq. 1), quick
runoff (Eq. 6), total groundwater recharge (Eq. 5), and
deep groundwater recharge of the basin. The groundwater
recharge rates, just like the total runoff and quick runoff,
tend to be lower in the northern part of the catchment. The
estimated minimum, average, and maximum total runoff
for the Pra Basin is 175.88, 297.87, and 489.46 mm/year,
respectively. The estimated average quick runoff, total
groundwater recharge, and deep groundwater recharge for
the basin is 97.60, 200.27, and 85.15 mm/year,
respectively.

Estimated groundwater recharge indices
and groundwater residence times

The estimated minimum, average, and maximum total
recharge index for Pra Basin was, respectively, 20, 67, and
99 % of water surplus (Eq. 1), leaving the average quick
runoff coefficient to be 33 % of the water surplus (Fig. 6).
Spatially, the proportion of water surplus (Eq. 1) that is
available for groundwater recharge ranges mainly from 60
to 100 % in the lowland gentle slope areas (Fig. 6). The

Soil type fiqw Land cover L}ZW Aquifer type :;W pp ca Soil fsodgw
Sand 0.95 Open Forest 1.00 Birimian volcanics (Metamorphosed Lava and 0.50 0.15 17 Leptosols 0.95

Pyroclastic Rock and Hypabyssal Basic Intrusive,
Phyllite and Greywacke)

Sandy Loam 0.75 Open cultivated 0.92
savanna

Dahomeyan (Granite)

0.55 0.15 17 Fluvisols 0.75

woodland

Loam 0.50 Savanna 0.92 Birimian Sediments (Phyllite, Schist, Tuff & 0.50 0.15 30 Lixisols 0.95
woodland Greywacke)

Clay Loam 0.25 Settlement 0.40 Tarkwaian (Quartzite, Phyllite, Grit, Conglomerate and 0.50 0.15 17 Luvisols 0.75

Schist, including basic intrusive)

Clay 0.05 Reservoir & 0.000001 Upper Voltaian (Mainly Sandstone) 0.50 0.15 30 Gleysols 0.95
Lake

Groundwater 0.10 Riverine 0.92 Sekondian (Sandstone, Grit, Conglomerate, Shale and 0.50 0.15 30 Vertisols 0.25

near surface savanna Mudstones, Nodules of Limestone and Siderite)

vegetation

Scattered trees  0.92

Arenosols 0.75
Acrisols  0.05
Nitosols  0.05
Alisols 0.05
Solonetz  0.25
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Fig. 4 Modeled versus measured annual average discharge (m>/s) of
9 hydro substations of Pra Basin

estimated minimum, average, and maximum deep
groundwater recharge index for the Pra Basin is, respec-
tively, 0, 28, and 52 % of water surplus (Fig. 6). The av-
erage shallow groundwater residence time is 1.23 years,
while the average deep water residence time is 125 years.
The shallow groundwater residence time (Eq. 10), the time

it takes for water to join an adjacent stream, is mainly less
than 2 years, with a minimum of 0.0076 years (2.75 days),
but deep groundwater residence time (Eq. 13) is pre-
dominately greater than 50 years (Fig. 6).

Estimated and projected water demand

Figure 7 shows spatiotemporal patterns of water demand in
the Pra Basin. The estimated mean domestic water demand is
2,261,330 and 8,735,522 mS/year for 2000 and 2050, re-
spectively, while the total demand for the whole basin was
estimated as 69,044,682 and 262,787,260 m3/year for the
years 2000 and 2050, respectively. The estimated mean in-
dustrial water demand is 5,893,501 and 22,504,958 m3/year
for 2000 and 2050, respectively. The total industrial water
demand was estimated as 238,868,171 and 860,864,391 m>/
year for the years 2000 and 2050, respectively.

The results suggest that there is a possibility of a sig-
nificant increase in industrial water demand (p = 0.0016)
by the year 2050. The estimated mean agricultural water

Fig. 5 The average estimated Total Runoff Quick Runoff
runoff (mm/year) and
groundwater recharge (mm/ S -
year) of Pra Basin S S
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Fig. 6 The estimated Total Groundwater Recharge index Deep Groundwater Recharge Index
groundwater recharge indices
(—) and groundwater residence o o
times (years) of Pra Basin. Note: S N S |
the light tone colors (yellow) for 38 38
shallow groundwater and deep o o - 0.5
groundwater are higher than 2 - - - 04
and 250 years, respectively — 0.8 :
8 8 [ 42
S C 06 2 - 0.2
- - 04 h — 0.1
_ _ — 0.0
o o
S S
o — S —
et B
I I I I | I I
150000 250000 150000 250000
Shallow Groundvwsater Residence Time Deep Groundvwater Residence Time
o o
S S
o _| o |
B B
A m 2.0 N m 250
- L 15 - — 200
8 =] — 150
S | — 1.0 o |
38 38 — 100
- — 0.5 - — 50
_ i ~0
o o
S S
o o —
S S
[re) [re)

150000 250000

demand was 26,957,279 and 105,086,000 m3/year for 2000
and 2050, respectively. The total agricultural water demand
was estimated as 651,136,235,000 and
2,625,907,368,000 m3/year for the years 2000 and 2050,
respectively. The analysis showed that by the year 2050,
there will be a significant increase in agricultural water
demand (p = 0.0003). The highest domestic and industrial
water demand occurred at Kumasi Metropolitan Area, in
the northern part of the basin.

Water stress

The average surface water stress Index was estimated as
0.0385 and 0.150 for the years 2000 and 2050, respec-
tively, and the difference is significant (p = 0.00043). The
average groundwater stress was estimated as 0.055 and
0.15, and the difference is significant (p = 0.00044). There
is, however, high spatial distribution of water stress in both
years with some areas such as Kumasi Metropolitan Area
and Kwabre districts registering maximum index of 1, i.e.,

T T T T
150000 250000

more areas are likely to experience higher water stress in
2050.

Discussions

The study estimated water stress based on stream and
groundwater discharge and water demand. The discharge
estimation was in agreement with the measured discharge,
with Nash—Sutcliffe model efficiency coefficient of 0.98.
The high accuracy of the modeled discharge may be due to
a slight modification in computation of discharge. Thus,
whereas other POLFLOW researchers (De Wit 2001; Jarsjo
et al. 2004; Durdu 2005) simulated the accumulated dis-
charge of Eq. 1 with the measured discharge, this study
divided the accumulated discharge in Eq. 1 into quick
runoff and delayed runoff (Shallow and Deep groundwa-
ter), and only delayed runoff with a residence time less
than or equal to 1 year was accumulated with the quick
runoff to simulate total river discharge. This approach

g
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Fig. 7 Estimated and projected
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2050 Domestic Water Demand

water demand (m3/year) of Pra
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Table 8 Ranges and interpretation of water stress indices (Kundzewicz et al. 2007; Wada 2008)

Degrees of water stress

Per capita water availability =~ Water scarcity index Rws (—)

Definitions of degrees of water stress

No stress >1700 Rws < 0.1
Low stress - 0.1 <Rws < 0.2
Moderate stress 1700-1000 0.2 <Rws <04
High stress 1000-500 04 <Rws < 0.8
Very high stress <500 0.8 < Rws

No water stress

Potential water scarcity
Looming water scarcity
Experiencing water scarcity

Economic development is limited by water scarcity

helped in the calibration of velocity, conductivity, soil
characteristic, and aquifer characteristics as in Eqgs. (7-13)
(Table 7).

The estimated mean daily groundwater recharge of
0.548 mm/day in this study is slightly higher than what
WatBal lumped model estimated as 0.456 mm/day (EPA
2000). This may be due to the fact that this study used
higher rainfall values with a mean of 1300 mm/year, while
WatBal used only 1099.80 mm/year for the whole basin
(EPA 2000). It must be emphasized that this study devel-
oped a distributed model with different rainfall values for
12 zones with minimum and maximum values as 1050 and
2150 mm/year, respectively.
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The potency of this study in assessment of water stress
depends on an accurate estimation of domestic water de-
mand because industrial water demand is also related to it
(Egs. 14, 15) (Wada 2008). While Gyau and Adom (EPA
2000) estimated domestic water demand of the Pra Basin to
be 193,651 m*/day in 2000 and 871,829 m*/day in 2050,
this study similarly estimated 189,164 and 719,965 m*/day
for the years 2000 and 2050, respectively. The values of the
previous study appear a bit higher than this study because
they used a per capita water demand as low as 30 liters/per
capita/day for small communities to as high as 130 1/per
capita/day for large communities. This study used a con-
stant per capita value of 65 l/per capita/day. Based on this
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Table 9 Water stress indices of the districts in Pra Basin

District Surface water Groundwater Total water

Year 2000 2050 2000 2050 2000 2050
Kumasi metro 1.00 1.00 1.00 1.00 1.00 1.00
Asikuma/Odoben/Brakwa 1.00 1.00 1.00 1.00 1.00 1.00
Komenda/Edna/Eguafo/Ebire 1.00 1.00 1.00 1.00 0.64 1.00
Ejura Sekyidumasi 0.73 1.00 1.00 1.00 0.46 1.00
Kwabre 0.71 1.00 1.00 1.00 0.44 1.00
Suhum/Kraboa/Coaltar 0.28 1.00 0.75 1.00 0.22 1.00
West Akim 0.11 0.19 0.24 0.44 0.07 0.12
Sekyere west 0.08 0.35 0.21 1.00 0.06 0.21

Bibiani/Anwiaso/Bekwai 0.07 0.60 0.15 1.00 0.05 0.41

Wassa west 0.07 0.36 0.14 0.74 0.05 0.25
Bosomtwe Atwima Kwanwoma 0.07 0.34 0.12 0.70 0.04 0.19
Ejisu/Juabeng 0.05 0.27 0.09 0.58 0.03 0.15
Kwahu south 0.05 0.10 0.11 0.21 0.04 0.07
Ahafo Ano south 0.03 0.28 0.06 0.62 0.02 0.17
Afigya Sekyere 0.03 0.14 0.06 0.45 0.02 0.06
Offinso 0.03 0.06 0.07 0.14 0.02 0.03
Sekyere east 0.02 0.24 0.04 0.72 0.01 0.12
Wassa Amenfi east 0.02 0.18 0.04 0.36 0.02 0.13
Obuasi Municipal (Adanse West) 0.01 0.74 0.01 1.00 0.00 0.06
East-Akim 0.01 0.07 0.03 0.14 0.01 0.05
Asante-Akyem north 0.01 0.05 0.02 0.11 0.01 0.03
Kwaebibirem 0.01 0.03 0.01 0.05 0.00 0.02
Fanteakwa 0.01 0.03 0.03 0.07 0.01 0.02
Birim south 0.01 0.01 0.01 0.02 0.00 0.01

Shama Ahanta east 0.00 1.00 0.00 1.00 0.00 0.01

Mpohor Wassa east 0.00 0.34 0.00 0.71 0.00 0.00
Upper Denkyira 0.00 0.32 0.00 0.65 0.00 0.00
Twifo-Hemang/Lower Denkyira 0.00 0.06 0.00 0.14 0.00 0.00
Atwima Nwabiagya 0.00 0.05 0.00 0.12 0.00 0.00
Amansie east 0.00 0.02 0.00 0.04 0.00 0.01

Asante-Akyem south 0.00 0.01 0.00 0.02 0.00 0.00
Amansie west 0.00 0.01 0.00 0.03 0.00 0.00
Assin (north) 0.00 0.01 0.00 0.02 0.00 0.00
Birim north 0.00 0.01 0.01 0.02 0.00 0.01

Adansi-east 0.00 0.00 0.00 0.00 0.00 0.00

Legend: Rws < 0.1 = not stress; 0.1 < Rws < 0.2 = low stress,
0.8 < Rws = very high stress (Wada 2008)

study, there is a possibility of a significant increase in
domestic water demand (p = 0.0006), industrial water
demand (p = 0.0016), and agricultural water demand
(p = 0.0003) by the year 2050.

Surface water availability, groundwater availability, and
total water stress were separately computed because of the
water use pattern in the basin. Most of the smaller com-
munities depend on groundwater boreholes, while the
larger communities depend on surface water withdrawal. In

0.2 < Rws < 0.4 = moderate stress; 0.4 < Rws < 0.8 = high stress;

this study, annual surface water estimation includes about
90 % of shallow groundwater resources that have residence
time less than or equal to 1 year. Therefore, without adding
groundwater resources to compute total groundwater stress,
the usage of surface water stress will be sufficient in ac-
cessing water stress in the basin. Using Kundzewicz et al.
(2007) explanation of water stress indices (Table 8), three
districts in the basin that include Kumasi Metro, Asikuma/
Odoben/Brakwa, and Komenda/Edna/Eguafo/Ebire
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Fig. 8 The estimated surface
and total water stress indices
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experienced very high surface water stress index of 1.
Other districts such as Ejura Sekyidumasi and Kwabre
districts experienced high (0.4- 0.8) surface water stress,
while Kwabre and Suhum/Kraboa/Coaltar experienced low
to moderate surface water stress (0.1-0.4). The rest of the
districts experienced no water stress in the year 2000. The
number of districts experiencing water stress will sig-
nificantly increase (p = 0.00044) from 8 in 2000 to 21 out
of 35 districts in the basin by 2050 (Table 9; Fig. 8).
Opoku-Ankomah (2000) used lumped model to estimate
marginal vulnerability water stress for the whole basin in
2000 though he further added that it will be extremely
vulnerable in 2050.

Conclusion
The POLFLOW model has been mainly developed to es-

timate nutrient concentration in a catchment (De Wit 2001;
Jarsjo et al. 2004; Durdu 2005). In this study, the
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POLFLOW model has been adapted, modified and ex-
tended to estimate water availability, water demand, and
water stress in the Pra Basin of Ghana. The estimated river
discharge is in agreement with the measured discharge. The
shallow and deep groundwater recharge and residence
times were also estimated. Most of the shallow ground-
water drains into the adjacent stream in less than 2 years,
while it takes longer time for deep groundwater to join the
streams. The total water demand estimation was divided
into domestic, industrial, and agriculture. The estimated
total water demand significantly increased from 2000 to
2050; therefore, the first null hypothesis which states that,
“there will be no significant difference between the esti-
mated water demand in 2000 and 2050,” is rejected. The
number of districts experiencing water stress will sig-
nificantly increase from 8 in 2000 to 21 out of 35 districts
by the year 2050; therefore, the second null hypothesis
which states that “the number of districts experiencing
water stress in the basin will not significantly differ in the
years 2000 and 2050,” is rejected. Though POLFLOW is
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mainly used to estimate nutrient concentration, this study
has demonstrated that it can be modified to model water
stress in the tropics.
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