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1. INTRODUCTION
In many of the small island developing states (SIDS), water resources managers are faced with
the challenging situation of water availability given the limited freshwater supply, increases in
extreme events and competitive demand by users (Peters 2013). This is the case in the
Grenadine islands, particularly Carriacou and Petite Martinique which are both completely
reliant on rainwater harvesting (RWH) to meet their water needs (Government of Grenada
2007). In the Grenadines, surface water is absent and limited groundwater is found in narrow
strips along the coasts. This groundwater, however is highly salinized and of little use for
domestic purposes thus making rainwater harvesting the primary source of freshwater (Peters
2003; Peters 2011).
Carriacou is 34 km2 in area and located 24 km northeast of the mainland Grenada (Thomas
2000). The island is made up of volcanic and sedimentary rocks with grains of volcanic origin
(Donovan and Jackson 2013). The topography is rugged with three dominant peaks located at
the center of the island, causing swift rainfall runoff down the steep slopes to the coast. Due to
its geological makeup it is very limited in its surface & groundwater supplies. Whilst the
average annual rainfall of the mainland Grenada is 2350 mm (FAO 2016), the average annual
rainfall for Carriacou is 1000 mm. This amounts to 57.4 % less rainfall than that of Grenada
making it more arid than mainland. Peters (2013) states that total annual rainfall of 1000 mm
is usually sufficient to meet the needs of these small islands, however the seasonal variability
of rainfall can impact water availability. Water demand is often met during the wet season but
shortages tend to occur during the dry season (January- June).
RWH systems are dependent on the precipitation frequency, intensity as well as the size of the
catchment area (Everson Peters 2013). The main benefits of rain water harvesting are its low
cost and it is a decentralized system which allowing individuals or groups of people to manage
their own supplies, taking some of the strain off of the local authorities (Everson Peters 2013).
There are two main RWH supply sources on the island of Carriacou:
1. Communal or Public Cisterns: these are usually found in public buildings such as
schools, hospitals and community centers
2. Domestic or Private Cisterns: these belong to private buildings such as households and
businesses
Additionally, groundwater is made available for agriculture through boreholes and ponds store
land-based runoff which is used primarily for livestock.

2. PURPOSE OF THE STUDY
The primary purpose of this study is to quantify the available water on the island of Carriacou,
using an allocation approach. This is done using the Water Evaluation and Planning (WEAP)
software to distribute water to the various sectors under current demands and climatic
conditions. Future water availability is then assessed based on projected socioeconomic and
climatic changes.
The three main objectives of this study are:
1. To assess the present-day supply and demand for water for the island of Carriacou by
building a WEAP model.
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2. To apply projections for catchment-level precipitation changes to the baseline or
Business-as-usual (BAU) scenario and assess the impact on both supply and demand.
This is to be done using downscaled climate projections for the catchment for the A2
SRES Scenario.
3. To apply percentage changes to socioeconomics in the Near Term (up to 2050) to
understand how modifications to the present pathways can alter demand trends and in
turn, water requirements.

3. METHODOLOGY
The Carriacou Water Availability Model (C-WAM) was created using the Water Evaluation
and Planning (WEAP) software. This software was chosen due to its flexibility since it allows
the user to determine the complexity of the model based on the available data. The Caribbean
is known to be quite data scarce and this tool allows a model to be run even with data
limitations. This section lays out the approach taken during the model building process.

3.1 Data collection and analysis
Before the modelling could be done the literature was consulted and a conceptual model was
built in order to understand the flow of water throughout the island, from source to sink. In
trying to evaluate the connections between water supplies and users, a literature analysis was
conducted. Review of the literature allowed for data variables that would be inserted into the
modelling process and be identified for data collection and formatting. The process undertaken
is outlined in Figure 1 below.

Figure 1: Model Building Process followed
The conceptual model was built based on data extracted from various sources including but not
exclusive to literature reviews, personal communication, geographical information systems
(GIS) shapefile data and relevant ministries and water stakeholders in Grenada. The data was
then formatted into model appropriate inputs for model building. As additional data emerged
over time, these were added to the model.
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Data limitations were taken into account in the model building process and was the founding
factor affecting the selection of the time periods. In WEAP the Current Accounts Year is the
first year of the simulation period and acts as a calibration for the system. It is the basic
representation of the system as and is the foundation for the creation of scenarios (Sieber and
Purkey 2010). The year 2001 was chosen as the Current Accounts year since the most reliable
socioeconomic and hydrological data was available for this year.
3.1.1 Model Assumptions
Hydrological data for the island of Carriacou is limited and as such in many cases various
assumptions had to be made within the model. Additionally, the unique hydrological
characteristics of the island meant that the prebuilt tools within WEAP such as supply sources,
and transmission networks do not fit the actual situation. For example, WEAP does not have a
supply source for RWH, which required the substitution of a reservoir node to represent the
aggregate volume of RWH tanks and cisterns on the island. The assumption being made is that
the RWH system is a reservoir of water from which the demand centers withdraw.
3.1.1 Roof-based runoff
One of the main components of a RWH system is the ‘catchment area’ which is the first point
of contact for the rainfall. There are two main types of runoff collection: land based and roof
based (Aladenola and Adeboye 2010). In arid and semi-arid climates, quantitatively estimating
rainfall-runoff relations can be challenging (Bahat et al. 2009). This is mainly due to the
differences in intensities, with low intensity rainfall almost certainly being lost to evaporation
especially if the surface is dry. With higher intensity rainfall, runoff occurs resulting in the risk
to soil erosion (Food and Agricultural Organization 2016). In this section the focus is on roofbased collection. In the case of Carriacou rooftop runoff is collected for domestic and tourism
water use. There are several variables that have to be taken into account in calculating the
runoff from the roofs such as the nature of the roof (concrete shingles vs. galvanized etc.), slope
or angle of the roof as well as the size of the roof area (Rahman et al. 2014; Texas A&M
AgriLife Extension Service 2016).
The simplest equation used in the calculation of how much rainwater can be harvested, which
helps to determine the capacity of storage tanks, is as follows:
V=AxRxC
Where:
V = the volume of harvestable water
A= the catchment area
R = the total amount of rainfall
C= the runoff coefficient
For the island of Carriacou, the above equation was applied to the total roof area of all the
buildings on the island. The assumption is that the total domestic supply is equivalent to the
total volume of water collected by the rainfall-runoff from all the roofs of the buildings on the
island. The total building roof area data was calculated in ArcGIS using the ‘building footprint’
shapefile supplied by the Mona Geoinformatix Limited (MIL) and represented data for the year
2001. The total calculated rooftop area was 4,496,243 square ft.
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The catchment area (A) used is the entire island area which is, as aforementioned, 34 km2.
The runoff coefficient (C), which accounts for losses due to splashing, evaporation, leakage
and overflow is normally taken to be 0.8 (80%) (Farreny et al. 2011; WaterAid 2013). In the
humid tropics the ‘C’ value for hard roofs is estimated to be around 0.85 (Aladenola and
Adeboye 2010).
In Carriacou, the most popular types of roofing materials are corrugated galvanized, concrete
tiles, clay tiles, asphalt type shingles or wooden shingles with the runoff collected using plastic
guttering. Devices for the diversion of the first flush from the roof to waste or water treatment
devices are rarely used (UNDESA 2012). The ‘C’ value used in calculation (0.8) was an
average of the values in Table 1.
Table 1: Runoff Coefficient for different roof catchment materials
Type of Material

Coefficients

Tiles

0.8 - 0.9

Corrugated metal sheets

0.7 – 0.9

Average monthy rainwater harvested for the baseline period
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Graph 1: Average monthly rainwater harvested for the baseline period
Table 2: Volume of rainwater harvested for the current accounts year and reference scenario
2001
2002
2003
2004
2005
2006
2007
2008

Jan
Feb Mar Apr
2.45 0.35 0.33 0.88
2.90 3.91 3.92 2.31
4.50 0.95 0.54 9.97
4.93 4.06 1.84 4.29
0.79 1.59 0.79 8.19
1.53 0.82 0.74 0.33
2.59 1.35 1.63 4.81
3.27 2.61 1.05 4.49

May
2.99
10.42
5.18
10.68
2.01
12.33
18.32
2.01

Jun
12.07
7.56
14.67
10.48
4.48
11.27
13.84
9.12

July
13.86
7.00
20.97
26.23
17.35
9.81
20.96
10.73

Aug
16.23
12.42
30.29
25.87
12.38
18.66
16.21
16.38

Sept
13.34
19.84
13.65
18.76
17.46
11.16
7.52
11.27

Oct
Nov
Dec
8.99 15.52 2.89
11.75 0.88 0.75
14.23 9.33 5.04
11.33 4.26 5.32
4.62 9.80 3.65
11.43 2.83 1.76
12.43 3.03 3.43
3.41 5.11 1.26
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2009
2010
2011
2012
Avg.

0.61
2.38
0.59
2.76
2.44

1.97
2.10
0.24
3.09
1.92

2.42 11.27 18.10 10.52
1.81 0.57 8.98 5.07
1.94 2.41 23.34 33.72
1.69 1.25 2.78 4.67
1.56 4.23 9.76 11.46

23.68 21.23 21.87 16.57
7.93 9.35 18.54 4.70
22.18 21.53 18.74 14.78
11.57 7.29 15.31 21.31
16.02 17.32 15.62 11.30

8.00
2.31
8.47
5.37
6.24

4.39
3.24
5.64
1.29
3.22

The total average annual roof runoff for the reference timeframe is 101.09 MG. However,
according to Peters (2013), less than half of this amount actually gets captured in public and
private cisterns. This may be due to underestimated size of storage systems or lack of finances
for larger cisterns for domestic storage units. For households where privately collected
rainwater is insufficient, there is a communal rainwater harvesting system in Carriacou where
persons can purchase water at a predetermined rate (Table 3).
Table 3: Water rates for Carriacou communal cisterns (UNDESA 2012)
COST

QUANTITY

US$0.24 for 3 months

14 litres (1 pan) per day

US$0.12 for 2 months

14 litres every other day

US$0.06 for 1 month

14 litres every other day

US$0.36

450 litres of water

In the Grenadines, permanent surface water is absent and the only groundwater is found in
narrow strips along the coasts and is highly salinized. As such rainwater harvesting is the
primary source of water and is depended on for practically all uses. (E Peters 2003; E. J. Peters
2011)
3.1.1.1 Land Use and Soils
Carriacou has very fertile volcanic soil which is ideal for its predominant land use. As such the
current land use activities in Carriacou is primarily agriculture for subsistence, mixed crop
farming and rearing of livestock (cattle, sheep & goats). Crop production has suffered a major
decline during the past 15 – 20 years (Thomas 2000). This is mostly due to the growth of the
construction industry, supported by expatriates returning and building retirement homes
(UNDESA 2012). Due to severe erosion over most of the island, basically only parent rock
remains. The erodible nature of the soil, deforestation, inappropriate cultivation methods and
overgrazing during the ‘let go’ season, have all contributed to the denudation of the soil and
vegetation. Over trampling by animals has also led to over compaction resulting in slower
infiltration and increased overland runoff during heavy rainfall events.
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Table 4 below shows the various types of land cover which can be found in Carriacou and their
percentages. The corresponding crop coefficients (Kc) and effective precipitation values were
added to the model and used to calculate the volume of water required by each land class.
Table 4: Land Cover types, Kc values and effective precipitation
Land Cover Class

Percentage (%)
of total area

Crop Coefficient
(Kc)

Effective
Precipitation

1) Urban

2.19

0.3

0

2) Deciduous Forests

9.3

0.5

60

3) Disturbed Forests

57.2

1

38

4) Swamp

3.24

0.95

15

5) Coconut

0.24

0.54

20

6) Fallow

2.91

0.35

0

7) Water Bodies

0.02

1.05

100

8) Crops

0.68

0.75

35

9) Livestock Grazing

12.7

0.65

25

10) Mixed Farming

11.4

0.65

30

A. Area
The total area of the island is 34 km2. This area was then divided based on the percentage of
each land cover type. This data was provided as a GIS shapefile by Mona Geoinformatix
Limited and was based on work done for Work Package 1 of the project.
B. Crop Coefficient (Kc)
Crop coefficient (Kc) are values based on crop types and crop development which are used to
predict evapotranspiration (Allen et al. 1998). For most of the crops these were acquired from
the FAO’s Irrigation and Drainage Paper No. 56. The value for coconut was taken from work
done by Jayakumar, Saseendran, and Hemaprabha (1988).
C. Effective Precipitation
The effective precipitation, which is the amount of water that is used by vegetation for
evapotranspiration with the remainder either going to overland flow or infiltrated into the
groundwater system, was averaged based on the crop type. According to FAO Natural
Resources Management and Environment Division (2016), “The evaluation of effective
rainfall involves measuring rainfall and/or irrigation, losses to surface run-off, percolation
losses beyond the root zone and the soil moisture uptake by the crop for evapotranspiration.
Information is needed on rooting depth of crop plants. Components are measured directly or
indirectly and either individually or in an integrated way.” Only a small percentage of rainfall
is usually effective, since only a fraction of heavy and intense rains will stay in the root zone
of the soil, whilst frequent, lighter showers with interception are close to 100 % effective.
However, for Carriacou there is a lack of information on crop rotation throughout the year due
to the lack of formalization of agricultural plots therefore calculating this for the island was
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difficult. As such, estimates from the literature had to be made based on the various land cover
types.
3.1.2 Climate
A. Precipitation
The rainfall values used for the Current Accounts year were based on the output from the
Providing Regional Climates for Impacts Studies (PRECIS) regional climate model. A single
rainfall data point was used for the island (-61.445, 12.48). The data for the ECHAM A2
scenario was used to compare the modelled results for the baseline timeframe (2001-2011) to
the future time slices (2035-2045 and 2065-2075). The total monthly rainfall for the baseline
period 2001-2012 under the ECHAM A2 scenario is shown in Graph 1.
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Graph 2: Modelled Rainfall (ECHAM A2) for Carriacou for the Baseline period (2001-2012)
B. Reference Evapotranspiration (ETref)
Reference evapotranspiration is the rate at which a and is a necessary parameter for estimating
crop requirement using the Rainfall-Runoff method in WEAP. This was calculated for
Carriacou using the Penman- Monteith method (Wilson 2016).
3.1.3 Sectoral Distribution of Water
The main sectors of consumption on the island are:
 Domestic
 Agriculture
 Tourism
Additionally, a percentage of the available water is used by the catchment itself to fulfill the
requirements of the natural environment.
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3.1.3.1 Demand Data
Most of the demand data that was available was at the country level and included Grenada and
Petite Martinique. The data therefore had to be disaggregated to the island level for Carriacou
using land use shapefiles, population data and tertiary data from the literature.
3.1.3.1.1. Domestic and Tourism Water Use
Since the 1980’s, cistern storage has tripled due to returning nationals who have retired from
Europe and North America (Everson Peters 2013). The average storage sizes of these cisterns
are 68 m3 (18,000 US gallons) (Everson Peters 2013). This increase in storage has also led to
an increase in the per capita use for domestic needs averaging 120 litres per day.
Water use trends also show an increase in water use during the dry season. According to a
governmental report, the higher water demand in the dry season is largely due to increased
demand from the hospitality sector (peak visitor arrivals occur during this period) and irrigation
(landscaping and agricultural) requirements (Government of Grenada 2007).
3.1.3.1.2. Communal Cisterns
Communal cisterns are filled by catchments that are adjacent to them or via rooftop runoff from
public buildings such as schools (Everson Peters 2013). In Carriacou, most of these cisterns
were built before the 1960’s but are used frequently today (Everson Peters 2013), compared to
the other Grenadian islands where these are used mostly during dry season shortages. Data
such as the monthly volume capture can be used together with household demand estimates to
calculate the minimum storage required (CEHI 2009) and therefore provide more suitably sized
storage to ably supply the demand needs year round. In some countries such as in New Mexico,
the ‘one-third rule’ is applied to finding the right cistern size (Downey, Schultz, and Wilson
2009). Due to the variability of rainfall throughout the year, it is impractical to have a cistern
sized to store the entire volume of water captured for the year, as such, the average cistern size
is built to store approximately one third of the annual water demand volume for a normal
rainfall year.
Table 5: Communal Cisterns in Carriacou (Source: Peters 2013)
Island

Population

Carriacou 7,000

No. of
Public
Catchments
33

% of
households
with Private
Cisterns
93

Communal
Storage in m3
(MG)

Private
Storage in m3
(MG)

5250 (1.155)

205640 (45.2)

The importance of communal cisterns was realized during the drought of 2009-2010, when
supplemental water from these systems was required. However, there was insufficient water
available and in some cases the water quality was poor due to the decline in their use and
maintenance by community groups with an increase in reliance on residential cisterns (Everson
Peters 2013).
“Carriacou and Petit Martinique are 100% reliant on rainwater harvesting on account of
the small size of the islands which are very water-scare. There are 33 community
13

rainwater catchment and cistern systems in Carriacou and Petit Martinique. Communal
cisterns have also been installed in public buildings, schools hospitals, medical clinics
and churches (Peters, 2002), totaling some 78 public storage systems” (Government of
Grenada 2007).
3.1.3.2 Key Assumptions
In WEAP, key assumptions are values that remain constant throughout each scenario. Some
key assumptions that were calculated for the C-WAM were:
1) Unit Agricultural Water Needs
2) Unit Tourism Water Needs
3) Domestic Monthly Variation
4) Agricultural Monthly Variation
5) Tourism Monthly Variation
The values for these key assumptions can be found in Appendix 7.1
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Table 7: Data used in model building process (*Data was calculated)

Current Accounts and Reference Scenarios
DATA
SUPPLY DATA

Near Term &
Long Term
Climatic Change
Factors

Near Term &
Long Term
Socioeconomic
Change

Data provided
by WP 1

Data provided
by WP 11

SOURCE

Hydrological Data
Monthly Precipitation

Projected Climate Data from WP 1

Monthly Evapotranspiration

Calculated using Penman Monteith
equation

Land Use Data

DEMAND DATA

Types of Land Use and area
occupied*

Mona Geoinformatics (MGI) *.shp

Crop Coefficient

Data from WP 8: Ecosystem
Services

Domestic
Population

Grenada Central Statistical Office

Unit Domestic Water Use Rate

Thesis: Jessamy (2014)

Monthly Variation in water
use*

Estimated from BWA
Consumption Data

Consumption

Published work by Richter &
Stamminger (2012)

Agricultural
Agricultural Area

Grenada Census of Agriculture

Unit Agricultural Water Use
Rate*

Calculated using crop coefficient
and evapotranspiration

Monthly Variation in water
use*

Estimated based on crop water
requirements & season (Allen et
al. 1998)

Tourism
Tourist Numbers

Grenada Tourism Authority

Unit Tourist Water Use Rate*

Reyes et al. (2015)

Monthly Variation in water
use*

Report by Caribbean
Environmental Health Institute
(1999)
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3.2 Model set up
The conceptual model below (Figure 2) was used to guide the development of the C-WAM in
WEAP.

.
Figure 2: Conceptual Carriacou Water Availability Model (C-WAM)
3.2.1 The Distribution of Rainfall within the Catchment
The Carriacou model is based on the distribution of rainfall collected via rainwater harvesting
to sectoral demand centres. WEAP provides multiple ways of modelling a catchment however
for this model the Rainfall Runoff (Simplified Coefficient) method was selected. The rainfall
runoff model is built into WEAP.
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Figure 3: WEAP Schematic for Carriacou Water Availability Model
Model assumptions:
 There is no supply from surface water sources (rivers, springs, lakes etc.)
 The demand sites are lumped by sector with the exception of the Domestic demand
which is further disaggregated to cater for cistern users and PVC tank users.
 Public cisterns have secondary supply priority since they are only used when private
storage is insufficient.
3.2.2 Surface Water
Carriacou has no permanent streamflow, only perennial flows formed by surface runoff in the
rainy season. There are a number of spatially distributed ponds on the island which are used
primarily during the dry season for irrigation however they are aggregated and represented in
the model as one reservoir.
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3.2.3 Groundwater
The island of Carriacou has 17 watersheds but very little ground water, with the aquifers being
small and shallow. There are a few dug wells and boreholes which are used to withdraw water
from the narrow freshwater lenses however studies have shown that though groundwater is
present, the quality is quite poor, with many wells near the coast having high levels of dissolved
salts and increased concentrations of chlorides (UNDESA 2012). There are only 4 boreholes
on the island that produce fair-good water quality, with an average output of 214 m3/day
(UNDESA 2012) which are used for agriculture.
3.2.4 Linkages, Priorities & Preferences
In the model the catchment node is linked to the ‘Total RWH’ reservoir, groundwater node and
a ‘Pond’ reservoir via runoff/infiltration links. The runoff/infiltration conveys precipitation that
is not consumed by evapotranspiration.
The Total RWH reservoir in the model represents the total rainwater storage of cisterns and
tanks across the island. This main reservoir is then linked to three other reservoir nodes which
represent domestic water supply; ‘Public RWH’, ‘Private RWH’ and ‘PVC tanks’. The tourism
and domestic demand nodes are also connected to the main reservoir via transmission link.
Transmission links represent the flow of water from reservoir to reservoir or from reservoir to
demand center.
WEAP allows users to allocate priority to demand and supply nodes with values ranging from
1 to 99. All the demand centers were given the highest priority of one, meaning that the model
will attempt to satisfy all demands simultaneously. For supply priority, all reservoirs were
given a priority of 1 with the exception of the public RWH reservoir. This reservoir was given
secondary supply priority meaning the model only uses water from this reservoir once all the
water from the private reservoirs are used up. This approach was used since public cisterns are
usually used to augment domestic demand when private storage is insufficient.
3.2.5 Losses
Losses refer to unaccounted water that results in an increase of supply requirement and includes
physical leaks and unmetered water use. There are no water distribution networks in Carriacou
since the island relies primarily on private rainwater harvesting and as such there are no
significant losses from the system.

3.3 Climate Data Input: Near Term (2035-2045) and Long Term (2065-2075)
The Intergovernmental Panel on Climate Change (IPCC) developed six (6) emissions scenarios
to aid in analyzing the potential impacts of climate change. Of these 6 scenarios the A2 was
selected for this model as it described a world where carbon dioxide emissions continue to rise
in the long term due to increased land use change driven by population growth. It is considered
one of the worst-case scenarios, right after the A1F1 scenario which describes fossil fuel
intensive technological growth (IPCC 2000).
Based on projections using the Hadley Centre Providing Climates for Impacts Studies
(PRECIS) regional climate model, it was estimated that rainfall in the Caribbean could decline
by up to 20% in the Caribbean under the A2 scenario (Campbell, et al. 2011). The regional
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model was further downscaled using the Direct Areal Downscaling (DAD) model to a 25km
resolution for Carriacou. The projected rainfall data obtained from the simulation was then
added to the WEAP model to assess its potential impact on water availability.
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Graph 3: Monthly rainfall for the Near Term (2035-2045) and Long Term (2065-2075) for
the island of Carriacou
Graph 3 above shows the average monthly precipitation for both the Near and Long Term
scenarios from the A2 projections. The data shows rainfall reaching a high of 321 mm in the
Near Term while in the Long Term the highest average rainfall for Carriacou is 250 mm. For
an island reliant on rainwater harvesting, this 22% decline in monthly rainfall can have
significant implications for water availability on the island.

3.4 Socioeconomic Scenarios for the Near Term (2035-2045)
Water is integral to the carrying out of economic activity and as economic activity changes, so
too does the demand for water. Work Package 11 developed four (4) socioeconomic foresight
scenarios, with ‘Pirates of the Caribbean’ being most comparable to the A2 SRES or the ‘worst
case’ scenario. In this scenario for Carriacou population numbers are reduced significantly due
to a decline in the health care sector and an increase in crime and violence. The tourism sector
also shows a decline, subsequently becoming stagnant due to the projected economic
depression of the western world in this scenario. In order to sustain livelihoods more persons
would turn to agricultural activity resulting in an increase in the area of land being used for
agriculture, thereby increasing water demand. The table below shows the projected
socioeconomic values under the ‘Pirates of the Caribbean’ scenario.
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Table 6: Changes in various demand sectors in Carriacou for the "Pirates of the Caribbean"
scenario in the Near Term (until the year 2050)
Demand Sector

Pirates of the Caribbean Scenario

Agriculture area

12.5 km2

Population

3000 persons

Tourism

3000 persons/year

3.5 Model runs
The WEAP model was run multiple times under 4 different scenarios. The C-WAM simulation
starts from the Current Accounts year (2001) and from here the first scenario (the Reference or
Business as Usual (BAU) scenario) was created which spanned from 2002- 2011. Both the
Near Term and Long Term scenarios were then built using the same socioeconomic values
from the Reference scenario while the monthly precipitation values were adjusted to assess the
impact that climate change would have on water availability. Finally, the ‘Pirates of the
Caribbean’ scenario was created based on the hydrological data from the Near Term scenario,
with socioeconomic adjustments made to all the demand centers (Table 7).

4. RESULTS & DISCUSSION
The main outputs identified from the model were ‘Water Demand’, ‘Supply Requirement’ and
‘Unmet Demand’. Here these results are presented and discussed for the four (4) scenarios;
Reference, Near Term, Long Term and Pirates of the Caribbean scenarios.

4.1 Water demand
In WEAP, water demand refers to water requirement at each demand site, not including losses
or any adaptation measures (Sieber and Purkey 2015).
4.1.1 Tourism Water Demand
Tourism data for the Reference period obtained from the Grenada Tourism Authority showed
a declining trend in the number of tourist visiting Carriacou which results in a corresponding
decline in water demand (Graph 5). These figures correspond with natural disasters and
economic setbacks such as the hurricanes in 2004 and 2005 and the global recession that began
in 2008 which have been responsible for the decline in tourism on the island (UNDESA 2012).
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Graph 4: Annual tourism demand for the Reference scenario
4.1.2 Domestic Water Demand
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Graph 5: Average monthly Domestic demand for all scenarios
Since actual water demand data was not available for domestic water use, it was estimated
based on number of households and annual water use rates. In the absence of measured data, it
is assumed that water demand is the same each year across all scenarios; 285,998.24 m3. This
analysis therefore focuses on the average monthly water demand (Graph 6). The graph shows
that August and December have the highest water demand of approximately 47,140 m3
followed by February and April (31,417.31 m3). Major events during these months are
responsible for the increase in demand; Carnival in February, Maroon Festival in April, Regatta
in August and Christmas in December.
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4.2 Supply Delivered
This output tells us the amount of water supplied to specific demand sites and from which
source (Sieber and Purkey 2015). This is most suitable for demand sites that receive water from
more than one supply node. As such the agriculture and domestic nodes were selected for this
analysis.
In Graph 7 it can be seen that the agricultural demand is being supplied only by rainwater
collected in ponds. Although the agricultural demand node is also linked to the aquifer, none
of that water is being used to satisfy the demand indicating that the water stored in the ponds
could be sufficient to satisfy demand.
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Graph 6: Supply delivered to agriculture demand node in the Reference scenario
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Graph 7: Supply delivers to the Domestic demand node in the Reference scenario
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Domestic demand is being met by both private and public rainwater harvesting in Carriacou.
The domestic reservoir was given a supply preference of 1 and the public reservoir was set at
2 since, as previously mentioned, the public water supplies are usually used when the private
supplies are insufficient. The model therefore attempts to satisfy the demand using the domestic
source before tapping into the public reservoir. Graph 8 shows that majority of the water that
is delivered (approximately 89%) comes from private RWH while only about 30,000m3 comes
from public storage.

4.3 Projected Climate Scenarios
The two climate scenarios created were the Near Term (2035-2045) and the Long Term (20652075). The precipitation projections for the island of Carriacou showed no real trend when
compared to the reference scenario however there were still implications for water availability.
4.3.1 Unmet Demand
As the name suggests, unmet demand is the volume of water at each demand site that is not
met (Sieber and Purkey 2015). Projected climate data shows that there is no consistent trend
for precipitation, in the Near and Long term, with some years experiencing more rainfall than
the Reference period. However, model results show that Carriacou is still expected to
experience water shortages in the future. Although it falls within the rainy season for the island,
unmet water demand is highest in December for all scenarios which is likely due to the increase
in water use by both the domestic and tourism sectors during that month. From June to October
all demand is met for the Reference scenario but the results show that in the Near Term the
months June, September and October will begin to have some unmet demand. This indicates
that in the face of climate change, there will be an increase in the periods of water shortages.
For months where demand was previously met there would likely be insufficient water, with
the island experiencing 10 months of unmet demand in the Near and Long Term instead of 7
months in the reference period.
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Graph 8: Average monthly unmet demand for all climate scenarios
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There is also an increase in the magnitude of unmet demand across scenarios. For the Reference
scenario the highest volume of unmet demand for a given year is 205,526 m3 which increases
to 308,131 m3 in the Near Term. The greatest unmet demand for any given year is shown in
the Long Term scenario with a shortage of approximately 578,269 m3 (Graph 10). Overall it
can be noted that water availability will not improve and will likely worsen over time.
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Graph 9: Annual Unmet demand for all scenarios

4.4 Socioeconomic ‘Pirates of the Caribbean’ Scenario
As economic activity changes, the demand for water is also expected to change. Currently most
of the agricultural activity in Carriacou is at the subsistence level and is largely rain-fed. Some
irrigation does take place during the drier months however there is likely to be an increased
reliance on irrigation if agricultural area were to increase.
4.4.1 Water Demand
One assumption that was made during the modelling process was that socioeconomic activity
remains the same throughout all scenarios (Reference, Near Term and Long Term). The Pirates
of the Caribbean scenario was created to assess the impact that changes in population, tourist
numbers and agriculture would have on water availability in Carriacou. For this scenario
population and tourism numbers declined but it is estimated that agricultural land would expand
from 8.45 km2 to 12.5 km2. The graph below shows the difference in monthly water demand
between the Reference and the Pirates of the Caribbean scenarios. The increase in water
demand during this period is approximately 32.56% increase in demand between the two
scenarios.
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4.4.2 Unmet Demand
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Graph 11: Unmet demand for the Near Term climate scenario and the 'Pirates of the
Caribbean' socioeconomic scenario
The above graph compares the unmet demand for both the climate only Near Term scenario
and the Pirates of the Caribbean scenario which has the same climatic conditions as the NT
however socioeconomic parameters were altered. Based on the projections, both population
and tourism numbers are expected to decline by approximately 47% in the Near Term under
the Pirates of the Caribbean foresight scenario. Population is projected to decline due to
increase in crime and unavailability of health care and in the face of economic collapse there
is likely a reduction in the number of tourist visiting the island. Farming however would
become more prevalent in an attempt to achieve food security. The area of land under
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agriculture is projected to increase from 8.45 km2 to 12.5 km2 between 2035 and 2045 (Work
Package 11). The results show that Unmet demand is greater for the Near Term climate only
scenario however there is still unmet demand under the Pirates of the Caribbean scenario.
Though there is an increase in agricultural activity, the reduction in population and tourism
results in an overall decline in water demand. The model output indicates that more water
available under the Pirates of the Caribbean scenario however WEAP is not able to account for
the fact that it may not be accessible or suitable for use due to the breakdown in the societal
structure.

4.5 Data Limitations
All models are an approximation of reality and are only as good as the data being used. One of
the main challenges in the Caribbean is the availability of data. Due to limited human and
financial resources, data is often unavailable or outdated. In obtaining data for the model it was
found that most of the statistical data was lumped for all the islands of the Grenadines or for
Carriacou and Petite Martinique together. This made it difficult to locate and extract data that
is specific to Carriacou however estimations were made where applicable. For some parameters
(e.g. effective precipitation and crop coefficient) the data was not available for the Caribbean
so secondary data for regions with similar conditions was used instead. Additionally, for the
climate projections the spatial resolution used (25 km) was larger than the island itself. This
introduces error into the WEAP model as the climate results would include projections for
rainfall events that do not take place over land. This however was the best available data at the
time. As results from climate models with lower resolution are obtained they can be added to
the model to increase the precision of the WEAP outputs. The absence of sufficient measured
data also meant that the model could not be calibrated.
An essential component of water availability is water quality since poor quality water is not
suitable for consumptive purposes and therefore not available. In Carriacou high concentrations
of iron and lead ions have been found to be present in the water source due to the corrosion of
roofs and storage tanks that are mainly steel. Another issue is the high bacteriological content
in the water due to animal excrement on the roofs, making their way into the tanks. Storage
tanks also act as breeding grounds for mosquitoes if not properly covered (Falkland 1991).
WEAP allows its users to conduct water quality analyses however insufficient data was
available for this.
The groundwater supply in Carriacou is limited and not widely used due to the poor water
quality. However, for the aquifers that are in use there is significant potential for saltwater
intrusion since groundwater is not regularly monitored and very little reliable and up-to-date
information is available. Once the data becomes available, a detailed analysis can be done
through the use of a groundwater model and linked to the WEAP model to understand how this
can affect livestock which acquires most of its water from wells along the coast (UNFCCC
2000).

4.6 The WEAP Model – Pros and Cons
WEAP offers an integrated approach to simulating water resources and is particularly useful
for assessing water availability on a data scarce island. One of the main advantages of WEAP
is its flexibility. Models built using this software can be as simple or as complex as the data
available, allowing them to be used as forecasting and policy analysis tools. Analyses can be
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conducted at various spatial resolutions and demand and supply data can be lumped or
disaggregated depending on the desired output and data availability. The model offers a userfriendly interface, making it easy to add data and build scenarios. WEAP also allows linkages
to other models such as MODFLOW and PEST in order to conduct more in-depth analyses.
The main disadvantage of the model is that it allows for only monthly and annual level of
analyses. This therefore means that daily or hourly analyses cannot be conducted. Additionally,
the model uses linear programming which makes it easy to perform rapid analyses. This
however may result in a complex system being oversimplified. Nevertheless, the model is still
capable of giving a good approximation of the water system in Carriacou.

5. CONCLUSION
The primary aim of this research was to develop a model to assess water availability on the
island using the Water Evaluation and Planning tool. The people of Carriacou rely heavily on
rainwater harvesting to meet their water needs and this report sought to explore the impact that
changes in supply and demand could have on their ability to meet these needs. The study was
based on four scenarios:
 Business as Usual (BAU) in which the status quo in Carriacou is maintained and there
are no significant changes in climate or socioeconomic conditions
 The A2 climate scenario for the Near (2035-2045) and Long Term (2065-2075)
 The Pirates of the Caribbean socioeconomic scenario which alters water demand for the
three main sectors on the island.
Model results show that under all scenarios the available water is insufficient for meeting
Carriacou’s water needs. In both the Near and Long Term there is expected to be an increase
in the duration of the drought period, with 10 months of the year experiencing water shortages.
This can have adverse effects on water quality, the environment and the economy.
Additionally, the volume of the shortages is expected to increase by up to 372, 657m3 and
1,179,604 m3 in the Near and Long Term respectively. Though water shortages are slightly
reduced under the Pirates of the Caribbean scenario, there are still factors concerning water
quality and access to be considered should these conditions become reality.
Analysis of the changing ratios between water availability and demand needs to consider not
only changes in climate and socioeconomic expressed through demand and supply, but also
measures to be employed for strengthening the resilience of the sector to the very real threats
posed by climate change
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7. APPENDICES
7.1 Key assumptions
1. Unit domestic water use = 146.88 m3/household
2. Unit agricultural water use:
 Livestock = 32.76 m3/animal
 Subsistence farming = 27252 m3/sq. km
3. Unit tourism water use = 352.8 m3/person

7.2 Monthly Variation (%) in water demand
Table 7: Monthly variation in water demand (%)
Month

Agriculture and Tourism
Demand

Domestic Demand

January

5.2

5.556

February

4.9

11.11

March

5.2

5.556

April

5

11.11

May

5.2

5.556

June

10.5

5.556

July

10.8

5.556

August

10.8

16.67

September

10.5

5.556

October

10.8

5.556

November

10.5

5.556

December

10.8

16.67

Total

100

100

7.3 Demand
7.3.1 Domestic Demand
Annual Activity Level: This was determined using a GIS and was estimated to be 1708
households for the current accounts year. For the reference scenario the number of households
was increased to 1947. Approximately 360 persons (6%) of the population use PVC tanks. The
annual water use rate for PVC tank dependents was estimated at 0.136 m3 per person.
Consumption: The percentage of water lost from the system was estimated to be 30%.
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7.3.2 Agricultural Demand
The area of land being used for agriculture was determined using the Carriacou land use
shapefile. 8.43 km2 is being used for agriculture, which includes both livestock and subsistence
farming.
Consumption: 50%
7.3.3 Tourism Demand
It is assumed that tourism consumption is the same as that for domestic (30%)
Table 8: Annual Activity Level for the Tourism Sector
Year

Number of tourists

2001

6887

2002

5408

2003

5132

2004

4153

2005

3177

2006

3098

2007

2624

2008

3015

2009

2738

2010

2790

2011

2062

7.4 Climate
Table 9: Precipitation for the period 2001-2011 (Reference scenario)
Jan

Feb

Mar

April

May

June

July

Aug

Sept

Oct

Nov

Dec

2001

17.3

2.5

2.3

6.2

21.1

85.2

97.9

114.6

94.2

63.5

109.6

20.4

2002

20.5

27.6

27.7

16.3

73.6

53.4

49.4

87.7

140.1

83

6.2

5.3

2003

31.8

6.7

3.8

70.4

36.6

103.6

148.1

213.9

96.4

100.5

65.9

35.6

2004

34.8

28.7

13

30.3

75.4

74

185.2

182.7

132.5

80

30.1

37.6

31

2005

5.6

11.2

5.6

57.8

14.2

31.6

122.5

87.4

123.3

32.6

69.2

25.8

2006

10.8

5.8

5.2

2.3

87.1

79.6

69.3

131.8

78.8

80.7

20

12.4

2007

18.3

9.5

11.5

34

129.4

97.7

148

114.5

53.1

87.8

21.4

24.2

2008

23.1

18.4

7.4

31.7

14.2

64.4

75.8

115.7

79.6

24.1

36.1

8.9

2009

4.3

13.9

17.1

79.6

127.8

74.3

167.2

149.9

154.4

117

56.5

31

2010

16.8

14.8

12.8

4

63.4

35.8

56

66

130.9

33.2

16.3

22.9

2011

4.2

1.7

13.7

17

164.8

238.1

156.6

152

132.3

104.4

59.8

39.8

Table 10: Monthly evapotranspiration for Carriacou
Months

ET ref.
(mm)

January

68.2

February

70

March

86.8

April

90

May

83.7

June

69

July

65.1

August

62

September

66

October

68.2

November

54

December

65.1

32

