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Introduction
This report summarizes the methodology and results for the Assessment of Small Island Developing States
(SIDS) Groundwater Systems carried out as part of the GEF Transboundary Water Assessment Programme
(TWAP). The assessment focuses on 43 SIDS, which were pre-determined by UNESCO-IHP. The assessment
includes aquifer properties and time-dependent variables that were compiled from the literature,
modeling, and the results of questionnaires sent to national experts. A suite of indicators, common to the
TWAP assessment, are evaluated based on the information. For each SIDS, a hydrogeological profile is
developed consisting of a geological map and cross-section, and key summary information concerning the
hydrogeology.

Background
In September 2012, Mr. Holger Triedel (formerly at UNESCO) approached Dr. Diana Allen (Professor,
Department of Earth Sciences, Simon Fraser University (SFU), Canada) to lead one activity “The
assessment of Small Island Developing States (SIDS) groundwater systems” for UNESCO-IHP under the GEF
(Global Environment Facility) Transboundary Waters Assessment Programme (TWAP). Dr. Allen was asked
to form a research team and develop a proposal to lead this research.
In April 2013, Dr. Allen attended the TWAP Groundwater Assessment meeting in Perugia, Italy. The main
objective of the meeting was to discuss the proposed assessment approach as outlined in the document
“GEF Transboundary Waters Assessment Programme (TWAP) Methodology and Execution
Arrangements for Transboundary Aquifers and SIDS Groundwater Systems”, hereafter referred to as the
TWAP Assessment Document (UNESCO-IHP, IGRAC, WWAP, 2012). The document had been prepared with
the broad involvement of the TWAP groundwater expert group. At the meeting, it was recognized that
SIDS have unique groundwater systems. SIDS are not transboundary aquifers (with few exceptions);
therefore, it would be necessary to adjust some aspects of the approach for the SIDS. It was agreed that
Dr. Allen’s research team would tailor the assessment to SIDS, where necessary, while keeping with the
overall objectives of the groundwater component of TWAP.
The objectives of the groundwater component of TWAP are to (UNESCO-IHP, IGRAC, WWAP, 2012):
1.

2.

Provide a description of the present conditions of transboundary aquifers (TBA) and aquifers
in small island developing states (SIDS) that will enable the GEF IW Focal Area to determine
priority aquifers/regions for resources allocation; and
Bring to the global attention the major issues, concerns and hotspots of these transboundary
aquifer systems and SIDS aquifers, and catalyze action.

It is expected that the TWAP Groundwater methodology and assessment will help the GEF and other
potential clients to find answers to, amongst others, the following questions (UNESCO-IHP, IGRAC, WWAP,
2012):
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1.
2.

3.

4.

What human and ecosystem uses of the water resources are currently affected or impaired
(use conflicts, depletion, and degradation);
How will water conditions and uses develop during the next decades (15-20 year projection
or outlook)? Global change is likely to produce increased pressures during the next decades,
such as higher water demands for food security/irrigation and domestic use, more intensive
use of fertilizers and nitrogen, and increasing seawater intrusion in coastal zones;
Where will all these problems be occurring? Increasing droughts or floods are observed in
some areas and have been projected through modelling - these projections need to be
incorporated and summarized in the assessment.
Which international groundwater systems are likely to prevent, buffer or mitigate water
related problems under increasing stresses during the coming decades?

There are two levels of assessment. This report addresses a level 1 assessment aimed at defining baseline
conditions for each SIDS aquifer system that will provide for periodic follow-up monitoring of trends and
impacts achieved by GEF and other interventions, by applying simple and feasible indicators. The
assessment aims to follow the DPSIR framework, which is a generally accepted analytical framework to
understand the structure of processes of change.
From July 2013 to December 2014, Dr. Allen’s research team conducted the “Assessment of SIDS
Groundwater Systems” (reported herein). The work was carried out in cooperation with IGRAC and
UNESCO. This report documents the objectives and the methodology employed for this assessment, and
summarizes the key findings.

The Research Team
The project was led by Dr. Allen at SFU. Jason Gurdak (San Francisco State University, USA) and Makoto
Taniguchi (Research Institute for Humanity and Nature, Japan) acted in an advisory capacity. The
researchers have been part of the UNESCO GRAPHIC expert group since its inception. All are
hydrogeologists and hold positions at universities/institutes.
The majority of the work was undertaken by a group of six research assistants (PhD, MSc and BSc students)
at SFU, who were directly supervised by Dr. Allen. Each student was assigned a set of tasks that were
completed for all SIDS, rather than being assigned a set of islands, in order to promote consistency in the
approach used to assess the variables and indicators. Ms. Holding (PhD student) acted as group
coordinator, and worked closely with Dr. Allen to review and compile the information (Variables) and
define the Current State Indicators. Mr. Foster developed the hydrogeological summaries (graphical
representations) for each SIDS in consultation with the research team members. The other students
compiled information from various sources for the preliminary assessment.
SFU team meetings were held approximately once every two months. In December 2013, the team met
with Drs. Gurdak and Taniguchi to seek feedback on technical aspects of the project (approaches being
5

used, construction of cross-sections). Materials were sent to the two advisors for review at various stages
of the project.
In addition, the work was closely coordinated with UNESCO and IGRAC. UNESCO identified the regional
organizations and established contact. IGRAC provided technical advice on various aspects of the project,
implemented the changes to the questionnaire recommended by SFU, and distributed the questionnaire.
Meetings between SFU, IGRAC and UNESCO were held via skype to review progress and address issues
that arose throughout the project.
Discussions among SFU, IGRAC and UNESCO focused on:
a. Modifications to the variables (based on feedback to IGRAC from the target transboundary
community). These changes were implemented by SFU into the working spreadsheets being
used for the assessment.
b. Changes to the TWAP questionnaire (and related guidance document) for use in the SIDS
assessment. Modifications to both the questionnaire and the guidance document were made
by SFU and implemented by IGRAC.
c. Seeking national experts and the recommended time frame for completion of the
questionnaire.
d. Determining a cut-off date (end of July 2014) for receipt of questionnaire responses by SFU
for inclusion in the assessment. SFU voluntarily accepted questionnaire responses until
October 2014 and incorporated these into the final assessment.

Aim and Objectives
The aim of this project is to assess (quantitatively or quantitatively) the set of pre-defined TWAP
groundwater indicators for each SIDS. The research consisted of the following agreed upon tasks (as per
the proposal submitted to UNESCO by SFU titled “Assessment of Groundwater Indicators for SIDS Aquifer
Systems” (Allen, 2013)
1.

2.

3.

Conduct a preliminary assessment of variables by compiling data and information from
publications and existing (and accessible) datasets. The approach will, as best possible,
employ a consistent methodology for assessing all the SIDS as a group.
Develop a questionnaire for distribution to regional expert networks and knowledgeable
experts on groundwater resources within each SIDS. UNESCO will act as the primary
coordinator for contacting regional organizations and assisting with the distribution of this
questionnaire. The resulting responses will be provided to SFU by UNESCO;
Integrate the results of the questionnaire with the preliminary assessment of variables to
define the Current State Indicators;
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4.
5.
6.
7.

Assess interlinkages among water systems. Within the context of SIDS, the most important
interlinkage is between the aquifer and the ocean due to the potential for saltwater intrusion;
Generate a hydrogeological profile for a representative island for each SIDS;
Complete a final report with supporting documentation including a brief overview of the
methodology used to undertake the assessment;
Submit to IGRAC the GIS layers and a related database summarizing the attributes of each
SIDS, along with supporting references.

Methodology
Which SIDS?
The list of SIDS to be included in the assessment was provided by UNESCO. The SIDS are situated within
three regions: AIMS (Africa, Indian Ocean, Mediterranean and South China Sea) Region; Caribbean; and
Pacific. Thirty (30) of the 43 SIDS are comprised of more than one island (up to 40 for French Polynesia).
Therefore, it was not practical to collect information on an island by island basis. Rather the strategy for
this assessment was to select one island within each SIDS, as representative of the SIDS. Typically, the
representative island in the SIDS had the largest population. A list of target islands was sent to and
approved by IGRAC 1. Appendix 1 shows a list of SIDS and its respective representative island assessed as
part of this study (43 in total).
0F

Overall Approach
Figure 1 shows the general work flow for the project. A description of each task follows, including the
specific methodology used.

1

Upon request, a substitution of Tawara Island for Kiritimati Island was made for Kiribati.
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Figure 1 : Work flow for Assessment of SIDS Groundwater Systems

Developing and Distributing the Questionnaire
The questionnaire was developed and distributed in tandem with the preliminary assessment. The aim of
the questionnaire was to collect information on the variables from knowledgeable experts for each SIDS.
The questionnaire aimed to supplement existing information with more detailed data for better definition
of the Current State Indicators.
The TWAP questionnaire 2 and supporting guidance document were modified by SFU to include questions
specific to islands (e.g., in relation to the freshwater lens), and remove questions specific to transboundary
aquifers, as only Timor-Leste is transboundary (a customized letter was sent to Timor-Leste to encourage
submission of transboundary-related information). The changes to the questionnaire and guidance
document were detailed in several documents that were sent to IGRAC for implementation. The specific
changes to the questionnaire and guidance document are not reviewed here.
1F

2

A questionnaire was developed by IGRAC specific to transboundary aquifers.
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The questionnaire and guidance document were sent to any identified 3 regional coordinators or
knowledgeable experts on groundwater resources within each SIDS in March 2014. UNESCO acted as the
primary coordinator for contacting regional organizations, and IGRAC distributed the questionnaire. SFU
also responded to specific questions that arose from these questionnaires. The resulting responses were
provided to SFU by IGRAC.
2F

The final date for submission of questionnaires to SFU was agreed to be July 31, 2014. However, SFU
accommodated several late responses (to the end of October 2014) and included these in the assessment.

Preliminary Assessment
Compiling the Variables Database
The assessment approach employed, as best possible, a consistent methodology for assessing all the SIDS
as a group. The aim was to complete the assessment for all SIDS using a similar strategy, and filling in or
modifying variables by seeking “expert” or “local” knowledge using the questionnaire. Unlike
transboundary aquifer assessments, which by comparison cover larger areas, the SIDS are very small, with
independent (not jointly shared) aquifer systems that are confined to individual islands 4. For this reason,
data were sourced initially from easily accessible global and regional publications and existing (and
accessible) databases as recommended in the TWAP Assessment Document. UNESCO also provided a
database that included selected publications for specific islands. The same global data sources were used,
if possible, for acquiring population statistics, climate data and climate projections, and geo-referenced
data (island boundaries, digital elevation models). Otherwise, information collected in the preliminary
assessment derived from a variety of sources. Appendix 2 describes the approaches taken for assessing
each variable when literature sources were available. A literature database is provided that includes all of
the references used in this assessment.
3F

Hydraulic conductivity is a characteristic of the aquifer (Variable), but is also needed for recharge
estimation (as described below). Where a hydraulic conductivity estimate was not available from the
literature for a particular SIDS, a representative value for the rock/sediment type was assigned. Appendix
3 describes the approach taken for assessing the hydraulic conductivity in the absence of island-specific
estimates.
Actual Evapotranspiration (AET) and Recharge (both current and future projected) were estimated for all
islands using a common approach. Appendix 4 describes how each variable was assessed.

3
4

Details concerning this process, including return rates, are provided in the Results section of this report.
The exception is Timor Leste, which is identified as a transboundary island aquifer.
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Confidence Level
In the assessment, confidence level was assigned in order to capture the quality of the data. Each variable
was assigned a level of confidence: high, medium or low, and the corresponding entries in the database
colour-coded accordingly:
•

•

•

High (green): Where actual data are available (cited in a report and/or supported by
questionnaire responses), a high confidence level was assigned. The information was
recorded 'as is'. The available data are specific to the target island and of good quality.
Medium (yellow): Information was available on the specific variable, but generally this
information was only qualitative or the data were specific to one area of the target island or
to a limited period of time. Further interpretation was required to assign a numerical value or
class to these variables.
Low: Information and data are scarce, not specific to the specified period and/or not specific
to the target island. Often these variables were estimated or extrapolated from information
for a hydrogeologically similar SIDS.

Figure 2 shows a screen capture of a portion of the database showing the level of confidence for the
variables.

Figure 2 : Screen capture of a portion of the final variables database (October 2014). The colours show confidence level (green:
high, yellow: moderate, red: low).

Island Hydrogeological Profiles
For each SIDS, a representative hydrogeological profile was generated. The profile consists of a location
map, a generalized geological map and a representative cross-section. Also included on the
hydrogeological profile are the relevant statistics (island area, maximum elevation, aquifer lithology,
10

average annual precipitation, calculated AET, recharge, maximum aquifer thickness5, groundwater
volume, groundwater volume extracted, and predominant natural groundwater quality). The statistics are
only provided for the dominant aquifer lithology, identified on the geological map legend. Alternative
aquifer lithologies (if present) are listed in the statistics table, although no data are provided for them.
Additionally, the shape of the freshwater lens is approximated based on questionnaire results (if provided)
for the near-coast hydrogeological setting. Thicker lenses are assumed to develop under high topography
areas and these were approximated on the cross-sections.
Significant effort was invested in the generation of these island profiles. The detailed methodology is
provided in Appendix 5. The overall design and content was approved by IGRAC. A customized
hydrogeological Profile was generated for each SIDS. Figure 3 shows an example of a hydrogeological
profile.

Figure 3: Hydrogeological profile for Mauritius Island, Mauritius.

5

On an island, the aquifer thickness is the freshwater lens thickness.
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Integrating the Questionnaire Reponses with the Preliminary Assessment
Once the completed questionnaires were returned to SFU, the information provided by the experts was
integrated with the preliminary assessment data. When questionnaire data were based on dedicated
studies conducted within the predominant aquifer lithology (e.g. pumping tests, monitoring programs or
recharge studies), the questionnaire values replaced the preliminary assessment data. This occurred
primarily for variables such as: depth and thickness of the freshwater lens, hydraulic conductivity,
transmissivity, and groundwater/blue water abstraction rates. When questionnaire data were based on
approximate values (e.g. recharge estimates based on percentages of total precipitation), the preliminary
assessment data were used to ensure a consistent methodology of approximation was applied. In cases
where the questionnaire data corroborated the preliminary assessment data, a higher level of confidence
was assigned to the variable. Variables based on the preliminary assessment data were re-calculated if a
related variable was provided in the questionnaire results. For instance, if the questionnaire results
provided hydraulic conductivity, but did not provide an estimate of aquifer thickness, recharge or
groundwater volume, these variables were re-calculated using the SIDS-specific hydraulic conductivity
value within the preliminary assessment methodology.

Assigning Indicators
Indicators were assigned by calculating the relevant values based on the definitions for each indicator and
applying the ranking outlined in the TWAP Assessment Document. The indicators were also assigned
confidence levels based on the lowest confidence level of the input variables. Many indicators are based
on an estimate of the total annual recharge amount (calculated as the recharge rate over the recharge
area). For consistency, the area of potential recharge was assumed to be the entire island. Although this
may not be the case on many SIDS where primary groundwater recharge may occur over smaller areas, it
allowed for a simplified and consistent approach.
Appendix 6 describes the assignment approach for each indicator.

Assessing Inter-linkages among Water Systems
The TWAP Assessment Document describes how inter-linkages between the groundwater system and
other water systems may be identified. Within the context of SIDS, the most important inter-linkage is
between the aquifer and the ocean due to the potential for saltwater intrusion.
Indicators relevant to this aspect of inter-linkages were assessed both qualitatively and quantitatively.
First, each island hydrogeological cross-section (see Figure 3) was constructed in such a fashion as to show
the approximate depth of the saltwater-freshwater interface as a quantitative (although uncertain)
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estimate. In addition, semi-qualitative information was collected concerning the quality of water (fresh,
brackish, saline), and whether the extent of saltwater intrusion has increased over the period (2000-2010).

Results
Questionnaire Responses
Beginning in March 2014, contact people were identified for almost all SIDS. Emails were sent by UNESCOIHP to each contact. However, no acknowledgement of receipt of the emails were received from American
Samoa, Commonwealth of the Northern Marianas, Marshall Islands, and Singapore. Follow-up emails
were then sent by UNESCO-IHP to identify the national experts for each SIDS. Fifteen (15) SIDS did not
provide the name of a national expert.
Survey results were returned from Aruba, Jamaica, Mauritius, New Caledonia, Saint Lucia, Samoa, Sao
Tome and Principe, Seychelles, and Tonga.
UNESCO-IHP then issued two contracts to compile data for each of the Caribbean and the Pacific Regions.
For the Caribbean Region, data were provided for 5 islands: Antigua, Dominica, Grenada, Saint Kitts and
Nevis, and The Bahamas.
For the Pacific Region, data were provided for 17 islands: American Samoa, Cook Islands, Federated States
of Micronesia, Fuji, French Polynesia, Guam, Kiribati, Marshall Islands, Nauru, Niue, Northern Marianas,
Palau, Samoa, Tonga, Tuvalu, and Vanuatu. Questionnaires were completed independently and included
in the package by French Polynesia, New Caledonia, and Samoa as these states had been previously
contacted by UNESCO-IHP. Questionnaires are expected at a later date from Solomon Islands and Timor
Leste, although these will have been submitted too late to be incorporated into this assessment.
By October 27, 2014, 29 questionnaires were returned to IGRAC and forwarded to SFU. Overall, the
returned questionnaires were incomplete. Most were missing a lot of information on each tab of the
spreadsheet.

Current State Variables
The preliminary assessment had resulted in qualitative or quantitative information for most variables
(Figure 4).
For Aquifer Properties, with the exception of “Depth to Water Table” for The British Virgin Islands,
Grenada, Saint Lucia, Saint Vincent & The Grenadines, Solomon Islands, Timor-Leste, and Trinidad and
Tobago, all variables were estimated. Maps (or information) related to areas at risk of pollution were only
provided by Jamaica, Marshall Islands and Nauru.
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Confidence level is high to moderate for most aquifer properties. Properties with low confidence overall
include “Depth to saltwater near the coast”; “Freshwater aquifer thickness”; “Hydraulic Conductivity”;
“Porosity”; “Transmissivity”; “Extent of Recharge Area”; and “Groundwater Volume”. These are key
properties for any hydrogeological assessment. The low confidence means that these properties were
estimated solely on calculations or literature values associated with rock type (see Appendices 2 and 3).
For Time-Dependent Properties, estimates of Drivers variables for “Demography”, “Climate”, and “Water
Supply and Sanitation” were generally of moderate to high confidence. Only Netherlands Antilles had no
data for Water Supply and Sanitation.
Variables related to Pressures were sparse. “Other Sources of Groundwater Recharge” (induced or
artificial recharge) were generally unavailable. Data for “Total Groundwater Abstraction” was available
for most islands, with the exception of Anguilla, British Virgin Islands, French Polynesia, Netherlands
Antilles, Singapore, Solomon Islands and Vanuatu. Most estimates of “Total Groundwater Abstraction”
had high confidence. However, almost no information was available for “Groundwater Abstraction
According to Use (Domestic, Agricultural, and Industrial)”. Information for Groundwater Pollution” was
available for most islands, although the “Percentage of Area Exposed to Pollution Sources” was
unavailable for most islands. With the exception of The British Virgin Islands, French Polynesia,
Netherlands Antilles, Niue, Sao Tome & Principe, and Singapore, information on whether or not “the
Extent of Seawater Intrusion has Increased Since 2010” was available, although there was a wide range of
uncertainty. Finally, about 50% of the islands had information on “Blue Water Extraction” (Total Use and
for Various Uses).
For State variables related to groundwater quantity, it was possible to estimate with considerable
uncertainty the “Percentage of the Island that has a Shallow Water Table” for approximately 50% of the
islands, but limited information was available for “Spring Discharge” or “Long-term Groundwater
Depletion”. For State Variables related to groundwater quality, approximately 75% of the islands had
some information on the “Percentage of the Island where Salinity Restricts Groundwater Use”. But almost
no information was available for the “Percentage of the Island where Groundwater Pollution Restricts
Groundwater Use”.
Impact variables related to “Services and Dependencies of Humans” were estimated for approximately
50% of the islands, and “Environmental Impacts to Ecosystems” were estimated for most islands with
moderate uncertainty.
For Responses variables, information on “Legal Instruments”; “Institutional Frameworks”;
“Implementation of Measures Related to Groundwater Abstraction” and “Implementation Measures
Related to Groundwater Quality” were available for approximately 50% of the islands. Islands lacking any
such data include Anguilla, Barbados, British Virgin Islands, Cape Verde, Comoros, Malidives, Montserrat,
Netherlands Antilles, Puerto Rico, Saint Vincent & Grenadines, Singapore, Solomon Islands, Timor-Leste,
Trinidad & Tobago, and US Virgin Islands. Several other islands had only partial information.
Overall, the combination of the Preliminary Assessment and the questionnaires afforded a reasonably
good database from which the Indicators could be assessed.
14

Figure 4 : Final assessment of variables (October, 2014)
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Current State Indicators
An attempt was made to assess all indicators using the variables data. Eleven Core Indicators were
emphasized (10 Core TWAP Indicators plus the Saltwater Intrusion Indicator) with varying levels of
confidence depending on the input variables (Figure 5). When input variables were not available for a
given SIDS, the indicators were not assigned. The following summarizes the outcome for the Core Indicator
assessment.
1. The Indicator for “Mean Annual Recharge” was generally assigned moderate confidence because
most of the values were derived from recharge modeling according the methodology described
in Appendix 4. Where higher confidence was assigned, there was general agreement between the
modeling and the estimated recharge based on the questionnaire results.
2. The Indicator for “Annual Amount of Renewable Groundwater Resources Per Capita” was
assessed with low confidence for all islands. The low confidence in this Indicator results from the
uncertainty of the recharge area and total annual recharge volume.
3. The Indicator for “Natural Background Groundwater Quality” was assigned based on the variable
for the percentage of the island where salinity or other natural constituents restrict use.
4. The Indicator for “Human Dependency of Groundwater” was estimated for only 50% of the islands
as it was based on the annual groundwater and blue water abstraction volumes, the latter of
which was commonly not available in literature review or questionnaire results.
5. With the exception of six islands, the Indicator for “Groundwater Depletion” could not be
assessed due to lack of available data.
6. The Indicator for “Groundwater Pollution” was assessed for all islands, but with a high degree of
uncertainty.
7. The Indicator for “Saltwater Intrusion” was assessed for approximately 75% of islands. However,
the indicator was based on the presence of groundwater zones contaminated by natural
constituents (including salinity) and may not represent active intrusion of the saltwater interface
so much as the natural groundwater quality (see Core Indicator 3). Qualitative characterization of
the rate of saltwater intrusion (whether it is increasing or not) is not captured in the indicators.
8. The Indicator for “Population Density” was assessed for all islands with generally high confidence.
9. The Indicator for “Groundwater Development Stress” was defined for approximately 75% of the
islands, depending on whether groundwater abstraction rates were provided.
10. The Indicator for “Legal Framework” was assessed for roughly 75% of the islands with moderate
to high confidence.
11. The Indicator for “Institutional Framework” was assessed for roughly 75% of the islands with
moderate to high confidence.
For the non-Core Indicators, Indicators for “Aquifer Buffering Capacity”; “Aquifer Vulnerability to
Climate Change” and “Aquifer Vulnerability to Pollution” were assessed for most islands, although
there was a large range of uncertainty. Few Indicators could be assessed for “Human Dependency on
Groundwater for Domestic, Agricultural and Industrial Water Supply”; “Ecosystem Dependency of
Groundwater” and “Prevalence of Springs” due to limited information. Indicators were assessed for
16

approximately 50% of islands for “Control of Groundwater Abstraction” and “Groundwater Quality
Protection”.

Figure 5 : Core indicator confidence levels
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Inter-linkages among Water Systems
This assessment considers the groundwater resources for the whole island within the predominant
lithology. However, on many small islands, groundwater abstraction only occurs within small, thin, alluvial
(or carbonate) aquifers along the coastlines. In some instances, these aquifers may constitute the main
groundwater supply for the island as accessing the groundwater within relatively lower permeable
lithologic units (sometimes at high elevations) poses significant challenges. Therefore, the indicators
related to the total groundwater volume and recharge amount may not represent the groundwater
sustainability for islands for cases where the existing wells are solely located within these coastal aquifers.
Although all islands are vulnerable to saltwater intrusion, SIDS reliant on small coastal aquifers are at
higher risk of saltwater contamination from sea level rise, pumping, and wave overwash events.

Closure
The results of the SIDS groundwater assessment provide indicators representative of groundwater
availability, sustainability, usage, contamination, depletion, and management for 43 SIDS. The data
collected in this study describe the baseline hydrogeological conditions for monitoring of trends and
future impacts. The results also allow for comparison of the SIDS and identification of major issues and
priority aquifers.

Respectfully Submitted

Dr. Diana M. Allen Professor, SFU

Shannon Holding, PhD Candidate, SFU
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Appendix 1: Small Island Developing States (SIDS) and target island assessed in
this study
Table A1: List of target islands for SIDS assessment. This list of islands was pre-determined by UNESCO.

State

Target Island

AIMS Region (7 SIDS):
Cape Verde
Comoros
Maldives
Mauritius

Santiago
Njazidja
Male
Mauritius

Sao Tome & Principe
Seychelles
Singapore

Sao Tome
Mahe
Singapore

Caribbean (17 SIDS):
Anguila
Antigua & Barbuda

Anguila
Antigua

Aruba
Barbados
British Virgin Islands

Aruba
Barbados
Tortola

Dominica
Grenada

Dominica
Grenada

Jamaica

Jamaica

Montserrat

Montserrat

Netherlands Antilles
Puerto Rico

Curaçao
Puerto Rico

St Kitts and Nevis
Saint Lucia

Saint Christopher
(i.e. Saint Kitts)
Saint Lucia

Saint Vincent & the
Grenadines
The Bahamas

Saint Vincent &
The Grenadines
New Providence

Population of
Island (year)
240,000 (2010)
316,600 (2006)
105,000 (2012)
1,236,817
(2011)
157,500 (2011)
78,539 (2010)
5,399,200
(2013)

Terrain

Rugged, rocky, volcanic
Volcanic islands
Coral limestone
Basalt
Volcanic, mountainous
Volcanic, sands
Volcanic, sedimentary, alluvial

13,452 (2011) Flat low-lying coral and limestone
81,161 (2011) Volcanic and low-lying limestone
and coral
103,504 (2011) Karstic Limestone
277,821 (2010) Limestone
23,908 (2005) Hilly volcanic islands & flat coral
islands
71,293 (2011) Rugged volcanic mountains
103,328 (2011) Volcanic, central mountains and
Limestone
2,695,543 Karstic limestone
(2010)
5,164 (2012) Volcanic mountains, coastal
lowland
150,563 (2011) Carbonates, volcanic interiors
3,725,789 Volcanics, limestone
(2010)
35,217 (2001) Volcanics, mountainous interiors
165,770 (2010) Volcanic, mountainous, broad
valleys
106,253 (2001) Volcanic, mountainous
248,948 (2010) Karstic limestone
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State

Target Island

Trinidad & Tobago

Trinidad

US Virgin Islands
The Pacific (19 SIDS):
American Samoa
Belau/Palau
C’wealth. of the
Northern Marianas
Cook Islands
Fiji
French Polynesia

Saint Croix

Guam
Kiribati
Marshall Islands
Federates States of
Micronesia
Nauru

Guam
Tawara/Kiritimati
Majuro
Pohnpei

New Caledonia
Niue
Samoa
Solomon Islands
Timor-Leste

Grande Terre
Niue
Upolu
Malaita
Timor-Leste

Tonga
Tuvalu
Vanuatu

Tongatapu
Funafati
Efate

Tutuila
Koror/Oreor
Saipan
Rarotonga
Viti Levu
Tahiti

Nauru

Population of
Terrain
Island (year)
1,267,145 Limestone
(2011)
50,601 (2010) Limestone
55,876 (2000) 5 volcanic islands, 2 coral atolls
11,560 (2005) Volcanic
48,220 (2010) S: limestone + reefs, N: volcanic
10,572 (2011) N: low coral atolls; S: volcanic, hilly
661,997 (2007) Volcanic mountains, coral atolls
183,645 (2012) Mix of rugged volcanics and low
islands
159,358 (2010) Limestone
40,529 (2010) Limestone
27,797 (2011) Low coral limestone and sand
36,196 (2010) Volcanic, mountainous, coral atolls
10,084 (2011) Limestone
245,580 (2009)
1,625 (2006)
143,418 (2011)
137,596 (2009)
1,066,582
(2010)
75,416 (2011)
6,194 (2012)
65,829 (2009)
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Metamorphic and sedimentary
Limestone cliffs, central plateau
Basalt
Limestone, volcanics
Carbonates
Karstic limestone
Limestone
Limestone, volcanics

Appendix 2: Detailed Methodologies for Assessing Aquifer and TimeDependent Variables
For each variable and target island, the approach described below was used. Some deviation from this
approach was necessary when data were sparse and/or of poor quality. For these cases, additional
comments were made in the variables spreadsheet. All information related to each variable was
recorded, even when no specific value could be estimated.
Any values or information provided in the questionnaire responses were included in the database. Where
the preliminary assessment results agreed with the questionnaire results, a high confidence was assigned,
and the value from the questionnaire was used. Where there was a large divergence in the results, the
final value inserted into the spreadsheet was based on expert judgement and a moderate to low
confidence assigned.
Some variables were assessed using different approaches. These are indicated below with reference to
the appropriate Appendix that describes the methodology used.

Aquifer Properties
Variable 1 - “Geo-referenced boundary”




Solely from common geospatial datasets.
Is illustrated in both cross-section and map format.
See Appendix 5 for data source and methodology

Variable 2 - “Horizontal extent of island” (km2)



This value represents the aerial extent of the target island, not the country.
Primary data source is the Encyclopedia Britannica.

Variable 3a - “Depth to saltwater near the coast (m)”





Questionnaire / literature review based on depth to saltwater near the coast according to 1000
mg/L isochlor, if available.
Unless provided in the questionnaire, the value was calculated as the sum of the maximum
thickness of the freshwater (Variable 4) and the depth to the top of the freshwater aquifer
(Variable 3b) relative to ground surface.
See Appendix 5 for equations

Variable 3b - "Freshwater aquifer (lens) thickness"




Questionnaire / literature review
Searched for studies specific to freshwater lens thickness, qualitative and quantitative.
When not available in the literature, the values were calculated using the method by Volker et al.
(1985) based on recharge and hydraulic conductivity values for the island. A maximum depth of
21



300 m was assumed if the calculation exceeded this value assuming that active groundwater flow
would be primarily above this depth.
See Appendix 5

Variable 4 - "Depth to water table (m)”





Questionnaire / literature review
Searched literature for ‘depth to water’, water elevation above sea level, and ground elevation
data.
o Ground elevation - water elevation a.s.l. = depth to water table.
o In order to interpolate the available information to the whole island, the 'depth to water'
was coupled with topographic and geologic information and maps.
o Coastal: < 2 km; Inland: > 2 km
o Average, maximum and minimum values were calculated with the available information.
o Descriptive and qualitative information was also used if quantitative information was not
available.
When no literature values were available, values were calculated using Variables 3a and 3b if
available.

Variable 5a – “Predominant aquifer lithology”




Questionnaire / literature review
Where absent, the predominant aquifer lithology was assumed to be the most dominant lithology
of the island.
Interpreted from geological maps

Variable 5b – “Lithology of Aquifer use for water supply (if different from predominant aquifer lithology”
• Questionnaire / literature review
Variable 6a – “Predominant type of primary porosity”



Questionnaire / literature review
Estimated based on dominant lithology – assigned moderate to low confidence

Variable 6b – “Predominant type of secondary porosity”
• Questionnaire / literature review
• Estimated based on dominant lithology – assigned moderate to low confidence
Variable 6c – “Horizontal connectivity”



Questionnaire / literature review
Estimated based on dominant lithology – assigned moderate to low confidence

Variable 7 – “Degree of confinement”
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Questionnaire / literature review
Interpreted from hydrogeological cross section

Variable 8a – “Hydraulic conductivity” (m/day)
• Questionnaire / literature review
• Estimated based on Variables 8c and 3b (T / freshwater lens thickness)
Variable 8b – “Porosity”
• Questionnaire / literature review
• Estimated based on aquifer material type
Variable 8c – “Transmissivity” (m2/day)





Questionnaire / literature review
(T = K x b): is approximated by the product of Variable 8a and Variable 3b
Or estimated from the average K value following Appendix 3 and Variable 3b.
If a range of K values was available, a range of transmissivity was calculated.

Variable 9 – “Predominant sources of natural recharge”




Questionnaire / literature review
Searched literature for reference to diffuse recharge, runoff into aquifer, infiltration from surface
water body
Where absent, the default was assumed to be diffuse recharge from precipitation.

Variable 10 – “Predominant natural discharge mechanism”




Questionnaire / literature review
Searched literature for springs, river baseflow, outflow into lakes, ocean outflow,
evaporation/evapotranspiration
Where absent, the default was assumed to be discharge to ocean.

Variable 11 – “Mean annual aquifer recharge”




Questionnaire / literature review
See Appendix 4 for detailed methodology on the HELP hydrologic model
High confidence if modeled recharge was supported by questionnaire and/or if questionnaire
provided recharge based on specific studies.

Variable 12 – “Extent of recharge area” (km2)
• Questionnaire / literature review
• The entire area of the island was assumed – assigned low confidence.
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Variable 13 – “Groundwater volume”



Questionnaire / literature review
Where not available, calculated as the product of the recharge area (Variable 12), the maximum
thickness of the aquifer (Variable 3b), and the average porosity (Variable 8b).

Variable 14 - "Sustainability for water consumption"




Questionnaire / literature review
Predominant groundwater quality was determined from literature values for TDS, EC and Cl
ranges.
The quality was determined using classification in the document itself. When no such classification
was available, the TDS classification by Freeze and Cherry (1979) was used:
Water quality TDS (mg/L)
Fresh

0 - 1 000

Brackish

1 000 - 10 000

Saline

10 000 - 100 000

Brine

> 100 000

***When salinity level is reported in chloride (mg/l) or EC (uS/cm) or Practical Salinity Scale (PSS), the
values were converted as follows:
o
o
o
o


Chloride concentration (mg/l) * 1.8 = TDS (mg/L)
EC (uS/cm) * 0.7 = TDS (mg/L)
35 on PSS = 35,000 ppm
ppm  mg/L

When quantitative information was not available, descriptive information was used and assessed
to determine groundwater quality.

Variable 15 – “Maps showing locations of zones at risk of pollution?”
• Solely from questionnaire

Time-Dependent Variables
DRIVERS
Variable 1a – “Total population within island (based on year 2010)”
• Census Data
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Variable 1b – “Total population within SIDS country (based on year 2010)”
• Census Data
Variable 2 – “Mean annual precipitation” (mm/a)
• See Appendix 3
Variable 3 – “Mean actual evapotranspiration” (mm/a)
• See Appendix 3
Variable 4a – “Expected change in mean annual precipitation” (%)
• See Appendix 3
Variable 4b – “Expected change in mean actual evapotranspiration” (%)
• See Appendix 3
Variable 5 – “Percentage of population covered by public water supply” (%)
• Literature review
Variable 6 – “Percentage of population covered by public sanitation services” (%)
• Literature review
PRESSURES
Variable 7 – “Induced recharge” (millions of m3/a)
• Questionnaire / literature review
• Literature review for any mention of irrigation return flow or induced leakage of surface water
from pumping
Variable 8 – “Artificial recharge” (millions of m3/a)
• Questionnaire / literature review
Variable 9 – “Total groundwater abstraction” (millions of m3/a)
• Questionnaire / literature review
• Comments in database indicate potability of water and groundwater usage, even if no
quantitative abstraction value provided.
• Low confidence when based on country specific data rather than island specific data.
Variable 10 – “Groundwater abstraction for domestic water supply” (millions of m3/a)
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• Questionnaire / literature review
Variable 11 – “Groundwater abstraction for agricultural and livestock water supply” (millions of m3/a)
• Questionnaire / literature review
Variable 12 – “Groundwater abstraction for industrial water supply” (millions of m3/a)
• Questionnaire / literature review
Variable 13a, 13b, 13c – “Percentage of area exposed to groundwater pollution sources”:



List all available qualitative and quantitative information for the target island. This information is
available in the 'comment box' of the Variable 13a.
Each source of pollution and pollutants was classified (e.g. household, agricultural waste,
industrial waste, oil/gas, production/transport, mining).

Variable 14 – “Has the extent of seawater intrusion increased over the period (2000-2010?)”




Questionnaire / literature review
Searched for all qualitative and quantitative information in the literature for the target island.
Chloride, TDS and EC were used as the seawater intrusion indicators.

Variable 15 – “Total blue water abstraction” (millions of m3/a)
• Questionnaire / literature review
• Low confidence when based on country specific data rather than island specific data.
Variable 16 – “Groundwater abstraction for domestic water supply” (millions of m3/a)
• Questionnaire / literature review
Variable 17 – “Groundwater abstraction for agricultural and livestock water supply” (millions of m3/a)
• Questionnaire / literature review
Variable 18 – “Groundwater abstraction for industrial water supply” (millions of m3/a)
• Questionnaire / literature review
STATE
Variable 19 – “Percentage area with shallow water table (shallower than 5 m below surface)” (% of island
area)



Questionnaire / literature review
Searched for 'depth to water', water elevation above sea level and ground elevation data.
o Ground elevation - water elevation a.s.l. = depth to aquifers
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In order to interpolate the available information to percentage island area, the 'depth to water'
was coupled with topographic and geologic information and maps, and percentage area
estimated.
Descriptive and qualitative information was also used if no quantitative information was available.

Variable 20 – “Total discharge by springs” (million m3/a)





Questionnaire / literature review
Recorded all available information: quantitative and qualitative.
Only recorded information available for the target island due to the high spatial variability of
springs as well as discharge rate and volume.
The total discharge was calculated when the amount of information was sufficient. Example: If
only a few springs were included in a study, a value was not attributed for that target island.

Variable 21- “Long-term trend of groundwater depletion or groundwater level decline”





Questionnaire / literature review
Search for quantitative and qualitative information.
Information regarding thinning of the freshwater lens is also recorded as it relates to the depletion
of groundwater resources.
The information is either recorded ‘as is’ from the literature or calculated if many wells water
levels are available and allow time comparison.

Variable 22- “Percentage of area where salinity (or natural constituents) restricts groundwater use” (% of
island area)





Questionnaire / literature review
Searched for quantitative and qualitative information.
TDS, EC and Cl were used as indicators of salinity based on the TDS classification by Freeze and
Cherry (1969) (See Variable 14 above).
The salinity was also evaluated spatially by considering specific spatial information, topography
and geology.

Variable 23- “Percentage of area where pollution restricts groundwater use” (% of island area)




Questionnaire / literature review
Searched for quantitative and qualitative information.
In the absence of other values, estimated based on proportion of developed areas (assuming
developed areas represent potential contamination sources).

IMPACT
Variables 24, 25, 26 – “Services to and dependences of humans”
• Literature review
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o
o
o

% of public/domestic supply dependent on groundwater
% of industry dependent on groundwater
% of irrigated land dependent on groundwater

Variable 27 – “Areal extend of groundwater-supported ecosystems”
• Map from questionnaire, if available.
• Otherwise, estimated based on presence of mangrove forests and other sensitive ecosystems
(literature review).
RESPONSES
Variables 28, 29, 30 - “Legal instruments”
• Questionnaire / literature review
Variables 31, 32, 33 - “Institutional framework”
• Questionnaire / literature review
Variables 35-47 - “Implementation of measures – law and regulations – abstraction related”
• Questionnaire / literature review
Variables 48-56 - “Implementation of measures – law and regulations – quality related”
• Questionnaire / literature review
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Appendix 3: Methodology for Estimating Hydraulic Conductivity in the
Absence of Island-Specific Literature Data
Hydraulic conductivity is used for characterizing the aquifer as well as for recharge estimation. For some
islands, there were no reported values of hydraulic conductivity. Therefore, estimates had to be made
based on the published literature. Two primary sources were considered: 1) the compilation by Freeze
and Cherry (1979) that was based on local scale (<1 m to 1 km) hydraulic testing data (Table 2.2 in Freeze
and Cherry 1979); and 2) a recent compilation by Gleeson et al. (2011) based on modeling studies at
regional scale (>5 km).
The lithologies were categorized so as to enable a comparison between both compilations; there are some
differences in the classifications:
1. Freeze and Cherry group igneous and metamorphic rocks together as either fractured or
unfractured. At a small scale, discrete fractures can significantly influence hydraulic testing
results. Gleeson et al., however, group all these rock types together (crystalline for both igneous
and metamorphic, regardless of degree of fracturing). The range of K values used for regional
scale models is narrower than the extreme range represented by each rock type. It is noted here,
that Gleeson et al. state that the K values they report represent the top 100 m of the subsurface.
Below 100 m depth, fractures begin to close and K becomes lower.
2. While Freeze and Cherry separate carbonate rocks from karstic rocks, Gleeson et al. again group
these two rock types together, for the same reason as point 1 above. At the regional scale, the K
value for carbonates integrates the two extreme ranges.
3. Sandstones (in Freeze and Cherry) are considered coarse grained siliciclastic sedimentary rocks by
Gleeson et al., and shales (in Freeze and Cherry) are grouped as fine grained siliciclastic
sedimentary rocks by Gleeson et al.
4. Because few islands have extensive unconsolidated aquifer deposits, and most are generally
coarse grained – likely dominated by clean sand - Coarse Alluvium is used to represent Clean
Sands (Freeze and Cherry) or coarse-grained unconsolidated materials (Gleeson et al.).

All of the hydraulic conductivity values vary significantly (over several orders of magnitude) for each
lithology whether at the local or regional scale (Table A2). There are greater ranges if the rock types are
fractured vs. unfractured, or karstic vs. no karst, as discussed above. However, overall the two
compilations are consistent, and the geometric mean values for each lithology by Gleeson et al. generally
fall mid-range on the Freeze and Cherry compilation (as stated by Gleeson et al. 2011).
Table A2 (last column) shows the K values used for any recharge simulations (see Appendix 4) where a K
value was not reported in the literature. The mid-range values from Freeze and Cherry were selected to
represent each of carbonate, karstic carbonate, fractured igneous/metamorphic and unfractured
igneous/metamorphic. The geomean values for all other sediment/rock types were based on the
geomean by Gleeson et al.
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Table A2: Ranges of K values from Freeze and Cherry (1979), Geometric Mean K from Gleeson et al. (2011) and final K values
used for aquifer hydraulic conductivity and recharge simulations where no K values are reported in the literature.

Lithology

Undifferentiated
Unfractured Igneous
Undifferentiated
Fractured Igneous
Permeable Volcanic
Undifferentiated
Unfractured
Metamorphic
Undifferentiated
Fractured Metamorphic
Coarse Alluvium (clean
sand)
Carbonate
Karstic Carbonate
Shale
Sandstone

Freeze and Cherry
K range
(m/s)
1x10-14 to 1x10-10

Gleeson et al
Geomean K
(m/s)
6x10-5

Values Used
(m/s)

5x10-9 to 1x10-4

6x10-5

1x10-6

1x10-7 to 1x10-2
1x10-14 to 1x10-10

3x10-6
6x10-5

3x10-6
1x10-12

5x10-9 to 1x10-4

6x10-5

1x10-6

7x10-6 to 1x10-2

1x10-6

1x10-4

5x10-10 to 2x10-6
8x10-7 to 1x10-2
8x10-14 to 8x10-10
1x10-10 to 1x10-6

2x10-5
2x10-5
3x10-10
3x10-6

5x10-8
1x10-4
3x10-10
3x10-6
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1x10-12

Appendix 4: Detailed Methodology for Estimating Precipitation, AET,
Current Recharge and Future Projected Recharge
Mean annual recharge was estimated using the HELP software (Schroeder et al. 1994). HELP utilizes a
storage routing technique based on hydrological water balance principles to determine how precipitation
is partitioned. The physical properties of the soil/aquifer material as well as the overlying vegetation and
surface characteristics are defined. HELP accounts for interception, runoff along surface slope, infiltration,
evapotranspiration, vegetative growth, soil moisture storage, lateral subsurface drainage, unsaturated
vertical drainage, and percolation (or recharge). HELP has been used to estimate recharge for a variety of
climatic and physiographic settings in previous studies (Scibek and Allen 2006; Jyrkama and Sykes 2007;
Toews and Allen 2009; Allen et al. 2010).
HELP includes a stochastic weather generator (WGEN; USDA Agricultural Research Service, Richardson
and Wright 1984) that uses the climate normals and climate statistical coefficients to derive a climate data
series of specified length. Daily values of precipitation, temperature and solar radiation are output from
the weather generator and used as input to a vertical percolation column with specified soil and aquifer
properties, vegetation cover, rooting depth, etc. In this study, a vertical percolation column was defined
for each SIDS according to literature estimates of each parameter as described below.
Climate
•

•

Observed historical climate normals were sourced from the World Bank Climate Change Knowledge
Portal 2.0 (CCKP)
o The climate statistical coefficients were taken from the nearest climate station in the WGEN
database.
o Annual wind speed & relative humidity from 3-month averages (DJF, MAM, JJA, SON) from
World Meteorological Organization (WMO UN data)
o Most climate stations are at low elevations, whereas many islands have high topography
features. Precipitation increases with topography so the precipitation normals derived from
the climate stations may underestimate total precipitation (and ultimately the recharge
estimated) on a given SIDS.
Future recharge simulations were based on the 2060s projections from the UNDP Climate Change
Country Profiles (McSweeney et al. 2010) or if not available, from the CCKP.





Climate projections are derived using global climate models (GCMs) with a subset of 15 of the
22-member ensemble used in the Intergovernmental Panel on Climate Change (IPCC) Fourth
Assessment Report (McSweeney et al. 2006a; CCKP User’s Manual 2012)
Mean temperature and precipitation were projected over the time period 2060-2079 under
the A2 scenario
Shift factors were applied to the temperature and precipitation normals in the weather
generator.
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Soil and Aquifer Properties
o
o
o

Soil texture & slope - FAO Soil Map of the World where possible, otherwise estimated
K & Porosity - software defaults for available soil texture or estimated using Freeze & Cherry
(1979)
Aquifer K values from Literature survey, or following values in Appendix 3 (Table A2).

Depth to Water Table
•

Variable 4

Differences in Lithology across an Island
On occasion, two dominant lithologies were identified for an island (roughly in equal proportion) based
on the review of the geological literature (see Appendix 5). In this case, two values of K were carried
through the HELP modelling and were used to define a range of recharge. Recharge values provided on
the hydrogeological profile are for the dominant lithology.
Recharge Sensitivity Analysis to K
A sensitivity analysis was conducted to determine how sensitive recharge is to ranges of K for different
climate conditions. The following cases were considered for determining the likely range of recharge for
the large range in reported K values (over the full range of igneous/metamorphic and carbonate rock
types):
1)
2)
3)
4)

wet climate – dominantly crystalline rock (American Samoa)
wet climate – dominantly carbonate rock (Belau/Palau)
dry climate – dominantly crystalline rock (Cape Verde)
dry climate – dominantly carbonate rock (The Bahamas)

• Range of K for igneous/metamorphic lithologies (including volcanic): 10-14 to 10-2 m/s
• Range of K for carbonate lithologies (including karstic): 5x10-10 to 1x10-2 m/s
All islands are located within tropic climate zones, so temperature is relatively stable over the year and
precipitation generally falls in a rainy season (monsoonal). Thus, we can compare islands based on the
dominant lithology for cases where the test island receives a lot of precipitation versus a small amount of
precipitation. In the recharge simulations all other variables (porosity – assigned 10%, 10 m vertical
percolation column, zero soil thickness, zero topography, same vegetation cover, etc.) were consistent
between simulations. The only differences were the K values and the applied climate.
Recharge was found to vary considerably for both rock types and for both climate scenarios (Table A3).
Therefore, it became necessary to select unique K values for carbonate (both non karstic and karstic) and
igneous/metamorphic (both fractured and unfractured).
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Table A3: Results of recharge sensitivity analysis.

Island
High Precip.
American Samoa (Volcanic)
Belau (Carbonate)
Low Precip.
Cape Verde (Volcanic)
Bahamas (Carbonate)

Low K recharge
(mm/year)

High K recharge
(mm/year)

1640.9
1571.7

2300.9
2659.9

179.2
113.8

265.2
896.8
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Appendix 5: Detailed Methodology for Constructing Hydrogeological
Maps and Cross-Sections, and Defining Related Aquifer Characteristics
Methodology for Key Aquifer Characteristics
The workflow used in defining the key aquifer characteristics of a SIDS is illustrated on Figure A1.
Step 1: Research the island’s general geology using published geologic maps, scientific reports, scientific
papers or, in the case of the Carribean Islands, a database produced by the USGS (openfile 97-470K).
Determine the dominant aquifer type and assign a “representative hydraulic conductivitiy (K)” according
to Appendix 3.
Step 2: Estimate the recharge to the island according to the methdology in Appendix 4.
Step 3: The recharge estimate for the island was used to estimate key aquifer properties including: the
maximum thickness of the freshwater lens, aquifer transmissivity (which depends on lens thickness), and
quantity of available groundwater. The maximum thickness of the freshwater lens was calculated using
Equation A1 (Volker et al. 1985). This expression incorporates climatic, hydrogeologic, and physiographic
factors to estimate the maximum thickness of the freshwater lens (Hu) (White and Falkland 2010):
𝑯𝒖 =

𝑾
[(𝟏
𝟐

𝑹

+ 𝜶) 𝟐𝑲 ]𝟏/𝟐

(Eqn. A1)

𝟎

where W is the width of the island (m), R is the mean annual recharge (m/a), K0 is the assumed uniform,
horizontal saturated hydraulic conductivity of the phreatic aquifer (m/a). The term α is defined as:
𝜶=

(𝝆𝒔 − 𝝆𝟎 )

(Eqn. A2)

𝝆𝟎

where ρ0 is the density of the freshwater and PS is the density of the saltwater (0.025 tonne/m3).
Equation A1 was selected over the classical and widely used Ghyben-Herzberg model (whereby the depth
to the saltwater interface below sea level is 40 times the elevation of the water table above sea level),
due to the fact that the water table elevation is usually inaccurately measured, especially in islands that
lack hydrogeological studies. The method by Volker et al. (1985) employed here, suggests that islands
that are wider, that have a high recharge rate, and that have low hydraulic conductivities will result in
relatively thick groundwater lenses, while thinner/smaller islands, that have low recharge rates, and that
have high hydraulic conductivities will result in thin freshwater lens.
This approximation assumes there is no pumping that may draw saltwater inland or causing upcoming of
saltwater from depth.
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Figure A1: Workflow indicating the SIDS and input/output parameters involved in calculating key aquifer properties
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Limitations/Sources of Error in the Tabular Data
Variable 3b. Limitations in the Volker et al. Method
It was often found that the “maximum aquifer thickness”, representing the freshwater lens thickness,
became unrealistic (1000s of metres thick) for some islands. The equation applies to a circular, isotropic
and homogenious island, which is not the case for the majority of the islands. To remedy unrealistic
results, Hawaii was used as an example of high relief volcanic islands (likely to produce the thickest
freshwater lens), where the maximum lens thickness observed is approximately 300 m (Liu et al. 1983;
Rotzoll et al. 2010). This value was then applied to all islands when the aquifer thickness was >300m.
Variable 8. Overestimated T Value
Transmissivity represents the maximum T value (because the maximum aquifer thickness is used in the
calculation; T = Kb, ,where b is aquifer thickness).
Variable 13. Groundwater Volume Calculation Overestimation
The calculation of groundwater volume is highly uncertain given the large uncertainties in all the input
parameters (porosity, K, island width, maximum aquifer thickness, etc.). It is emphasized that total
groundwater volume and groundwater availability are not the same. Although there is potential for a
volume of freshwater to be present, it may be physically and technologically impossible to extract that
water from formations that contain disconnected pores/fractures, producing an insignificant yield over a
given time (or excessive drawdown). In contrast, when near-coast aquifer thickness values were provided
in the questionnaire results, the calculated groundwater volume may be under-estimated as the
potentially thicker zone of the freshwater lens under high topography areas is neglected.

Generation of Cross-Sections
The hydrogeological maps and cross-sections were constructed according to the following detailed
approach.
1. Obtain a SRTM (digital elevation) image for the target island/country from
http://earthexplorer.usgs.gov/.
2. Import elevation geotiff image to ArcGIS, set the coordinate system to a UTM projected system
(i.e. UTM-WGS84-South Hemisphere-Zone…), and export the geotiff image (digital elevation
SRTM) to a ArcGIS GRID format.
3. Import geologic map information either from a pre-existing shapefile (i.e. USGS download), or as
a georeferenced image that is then digitized.
4. Create cross-section using the “Xacto” ArcGIS tool.
5. Export both geologic map, and cross section as PDF into CorelDRAW X5, and customize the Island
Profile using the common template.
a. Simplify the geology according to the common geologic legend. For example, basalts if
indicated otherwise were classified as permeable basalts. Pyroclastic, dike intrusions,
36

igneous intrusive rocks were classified as undifferentiated impermeable, unless stated
otherwise in the literature. If a geologic unit was indicated as being “highly fractured”
the facture nomenclature was used.
b. The Key map is generated by a file called National Geographic (free ArcGIS basemap).
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Appendix 6: Detailed Methodologies for Assessing Indicators
Values were calculated from the variables, based on the definition of each indicator. These values are
provided in the database and reflect the lowest confidence level of the input variables.
The values were then assessed according to a ranking scheme (generally between 1 and 5) for each
indicator as outlined in the TWAP Assessment Document. Where numerical values for the input variables
were not available for a given SIDS (e.g. spring discharge, groundwater depletion rate), the indicators were
not assigned.

Core Indicators
Indicator 1.1 - “Mean annual ground-water recharge”:
Long-term mean groundwater recharge rate, including man-made components
Annual groundwater recharge rate + Annual induced and artificial recharge rate
 Units: mm/year
 Ranked from 1: Very Low (< 2 mm/year) to 5: Very High (> 300 mm/year).
Indicator 1.2 - “Annual amount of renewable groundwater resources per capita”:
Long-term mean groundwater recharge divided by the number of inhabitants
[Annual groundwater recharge rate x Recharge area] / Island population
 Units: m3/year/capita
 Ranked from 1: Low (< 1000) to 3: High (> 5000).
Indicator 1.3 - “Natural background groundwater quality”:
Percentage of the aquifer area where groundwater is found and for which natural quality satisfies local
drinking water standards
100 – Percentage of island where salinity restricts water use
 Units: %
 Ranked from 1: Very Low (< 20) to 5: Very High (> 80).
Indicator 2.1 - “Human dependency on groundwater”:
Percentage of groundwater in total water abstraction for all water uses
Abstraction of groundwater / Abstraction of blue water x 100
 Units: %
 Ranked from 1: Very Low (< 20) to 5: Very High (> 80).
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Indicator 3.1 - “Groundwater depletion”:
Observed current rate of long-term progressive decrease of groundwater storage expressed as an
equivalent depth of water averaged over the whole island
Long-term trend of groundwater depletion
 Units: mm/year
 Ranked from 1: Very Low (< 2) to 5: Very High (> 100)
Indicator 3.2 - “Groundwater pollution”:
Observed polluted zones as a percentage of total island area
Percentage of island where groundwater pollution restricts water use
 Units: %
 Ranked from 1: Very Low (< 5) to 5: Very High (> 50)
Indicator 3.3 - “Saltwater intrusion”:
Observed zones of saltwater intrusion as a percentage of total island area
Percentage of island where groundwater salinity restricts water use
 Units: %
 Ranked from 1: Very Low (< 5) to 5: Very High (> 50)
Indicator 4.1 - “Population density”:
Number of people per unit area over the whole island
Island population / Island area
 Units: people/km2
 Ranked from 1: Very Low (< 1) to 5: Very High (> 1000)
Indicator 4.2 - “Groundwater development stress”:
Total annual groundwater abstraction divided by long-term mean annual groundwater recharge
Groundwater abstraction / [Annual groundwater recharge rate x Recharge area] x 100
 Units: %
 Ranked from 1: Very Low (< 2) to 5: Very High (> 100)
Indicator 5.1 - “Legal framework”:
Existence, status, and comprehensiveness of groundwater legislation
 Ranked as 1: No legislation; 2: Legislation under preparation or draft; 3: Legislation with limited
scope or 4: Legislation with full scope.
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Indicator 5.2 - “Institutional framework”:
Existence, mandate and capabilities of institutions or institutional arrangements for managing
groundwater
 Ranked as 1: No institutions; 2: Institutions have limited mandate and/or capability; 3: Institutions
present with full mandate and adequate capabilities.
Indicator 5.3 - “Institutional framework”:
Existence, mandate and capabilities of institutions or institutional arrangements for managing
groundwater
 Ranked as 1: No institutions; 2: Institutions have limited mandate and/or capability; 3: Institutions
present with full mandate and adequate capabilities.

Optional Indicators
Indicator 1.4 - “Aquifer buffering capacity”:
Ratio between volume stored and long-term groundwater recharge rate
Groundwater volume / [Annual groundwater recharge rate x Recharge area] x 100
 Units: years
 Ranked from 1: Low (< 10) to 3: High (> 100)
Indicator 1.5 - “Aquifer vulnerability to climate change”:
Extent of expected groundwater budget regime change in response to change in climatic conditions
Based on aquifer confinement, predominant sources of recharge, and percentage of island with shallow
water table



Ranked 1: Low (confined aquifers with fossil water); 2: Medium (weakly recharged aquifers); and
3: High (shallow, coastal aquifers interacting with surface hydrology).
All islands ranked High.

Indicator 1.6 - “Aquifer vulnerability to pollution”:
Percentage of aquifer area that is considered moderately to highly vulnerable to pollution
Percentage of area exposed to pollution sources
 Units: %
 Ranked from 1: Very Low (< 20) to 5: Very High (> 80)
Indicator 2.2 - “Human dependency on groundwater for domestic water supply”:
Percentage of groundwater in total blue water abstraction for domestic water use
Groundwater abstraction for domestic use / Total blue water abstraction x 100
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Units: %
Ranked from 1: Very Low (< 20) to 5: Very High (> 80)

Indicator 2.3 - “Human dependency on groundwater for agricultural water supply”:
Percentage of groundwater in total blue water abstraction for agricultural water use
Groundwater abstraction for agricultural use / Total blue water abstraction x 100
 Units: %
 Ranked from 1: Very Low (< 20) to 5: Very High (> 80)
Indicator 2.4 - “Human dependency on groundwater for industrial water supply”:
Percentage of groundwater in total blue water abstraction for industrial water use
Groundwater abstraction for industrial use / Total blue water abstraction x 100
 Units: %
 Ranked from 1: Very Low (< 20) to 5: Very High (> 80)
Indicator 2.5 - “Eco-system dependency on groundwater”:
Percentage of the island where the aquifer has a phreatic water level shallower than 5 m below surface
Percentage of island area where groundwater is less than 5 m below surface
 Units: %
 Ranked from 1: Very Low (< 5) to 5: Very High (> 50)
Indicator 2.6 - “Prevalence of springs”:
Total annual spring groundwater discharge divided by mean annual groundwater recharge
Spring discharge / [Annual groundwater recharge rate x Recharge area] x 100
 Units: %
 Ranked from 1: Very Low (< 5) to 5: Very High (> 50)
Indicator 6.1 - “Control of groundwater abstraction”:
Current practices on the implementation of measures to control groundwater abstraction
 Ranked as 1: No measures for control; 2: Indirect methods applied; 3: Direct measures applied;
and 4: Combination of indirect and direct measures applied.
Indicator 6.2 - “Groundwater quality protection”:
Current practices on the implementation of groundwater quality protection
 Ranked as 1: No protective measures applied; 2: Land-use planning; 3: Prohibition of chemical use
and/or waste disposal; 4: Polluter pays principle; and 5: Combination of protective measures.
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