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Abstract

Rapid urbanization and climate change have the potential to negatively affect water availability in the coming decades. The Caribbean
region is particularly at risk since, among other factors, large water storage facilities are not as abundant as in larger nations. It is
imperative therefore, that water resources in the small island nations of this region are efficiently monitored and managed. Recent
open-source, satellite earth-observation data and processing capabilities have presented additional tools for managers to better regulate
water and water infrastructure. In this study, we use Synthetic Aperture Radar (SAR) data from the Sentinel-1 satellite to map surface
area changes in three reservoirs on the island of Trinidad using a Google Earth Engine (GEE) framework. Sentinel-1 data was processed
using GEE to produce average reservoir surface area calculations for each season (wet and dry) of each year for the period 2017-2023.
The resultant reservoir surface area values were cross referenced against average seasonal precipitation values obtained from the
CHIRPS (Climate Hazards Group Infra-Red Precipitation with Station data) database. The SAR-derived reservoir surface area values
were also compared against reservoir surface area values and reservoir ‘lake level’ values for 2017 — 2023 obtained from the Water
Resources Agency (WRA) of Trinidad and Tobago. Results showed that the approach used in this study can be integrated into existing

water resource monitoring frameworks, particularly for the larger reservoirs, to improve efficiency at little to no additional cost.

1. Introduction

Global urbanization is rapidly increasing with the population in
urban cities projected to grow by more than 3 billion between
2010 and 2050 (Cividino et al., 2020). Together with
socioeconomic development and population growth, global urban
water scarcity is projected to affect 1.693-2.373 billion people by
the year 2050 (He et al., 2021). The effects of climate change will
affect both the quality and availability of this commodity on large
spatial and temporal scales (He and Rosa, 2023, Aversa et al.,
2023). Increased reservoir construction has been touted as one
possible solution, amongst others, that can be implemented to
alleviate future water availability and distribution issues (Mao,
2024). The implementation of a series of large reservoirs began
during the 1960°s and 70’s in North America with approximately
61,988 now existing worldwide (ICOLD, 2023). Reservoirs serve
a multitude of functions from agricultural irrigation, aquaculture,
and flood control to hydroelectric energy and navigation (Breznik
et al., 2023, Macharia and Jori, 2023, Schmitt et al., 2022). In the
Caribbean region, there are very few reservoirs, as the cost
associated with establishing the required infrastructure is high
and the topography of many islands does not favour construction
(Scalley, 2012). However, there are still some medium to large
capacity dams existing in countries such as Jamaica, St Lucia,
Cuba and Trinidad and Tobago (Becher et al., 2022, Beharry and
Clarke, 2023).

Assessment and monitoring of reservoir water levels is
imperative in predicting water availability for the future (He et
al., 2024, Tran et al., 2024). Changes in reservoir surface area is
often directly proportional to changes in water levels and is one
metric that can be used in monitoring and planning for sustainable
systems (Francis et al., 2021). This is critical for the development
of conservation frameworks to help combat the effects of climate
change and is in alignment with Sustainable Development Goal 6

(SDG 6), (UN-Water, 2020). Additionally, poor oversight of
reservoir infrastructure and water level changes have the potential
to threaten natural ecosystems and hydrological balance (Eekhout
et al., 2020).

Trinidad and Tobago, situated in the Eastern Caribbean (EC)
region is considered to be developed with over 99% of the
population having access to potable water (Ministry of Public
Utilities & WASA, 2022). Despite this, however, operational
issues and seasonality (wet and dry) have resulted in less than
40% of WASA'’s clients receiving a reliable and continual supply
(Roopnarine et al., 2023). This deficit is further intensified during
the dry season when precipitation and reservoir levels are low
(Rajballie et al., 2022). Increased urbanization as well as the
effects of climate change were expected to escalate the demand
for water in urban towns in Trinidad and Tobago by 60 — 70%
between 2020 and 2025 (Leon et al., 2020). Therefore, there is a
critical need for effective and cost-efficient tools to support the
continuous assessment and monitoring of reservoirs and other
water resources, enabling improved conservation and
management while meeting growing demand.

Traditional methods of monitoring reservoir surface area and
water levels include the use of sonar and onsite water level gauges
(Abileah et al., 2011, Mainville and Craymer, 2005). Both of
these methods can be difficult to implement due to the typical
remote locations of reservoirs (Tortini et al., 2020). In recent
years, advances in satellite remote sensing technology and the
availability of open-source satellite imagery have enhanced the
monitoring aspect of large reservoirs from space (Chen et al.,
2024, Park et al., 2020). Satellite derived Synthetic Aperture
Radar (SAR) imagery can be used for high-frequency mapping of
surface water (Yang et al., 2024). The Sentinel-1 SAR satellite
which forms part of the European Space Agency’s (ESA)
Copernicus program offers 6-day repeat coverage at no cost to
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users (Beriaux et al., 2021). While optical satellites such as
Sentinel-2, Landsat-8 and Planet have a higher accuracy for
surface water detection than SAR (Alatalo et al., 2023, Cristea et
al., 2020), their field of view is often limited by clouds,
particularly in tropical regions such as Trinidad (Wang et al.,
2021).

The goal of this study was to demonstrate the utility of using
Sentinel-1 SAR imagery for mapping and monitoring reservoir
surface area and extent on the island of Trinidad. The surface area
of three specific reservoirs were calculated across a 7-year period
for both the dry and wet seasons using Sentinel-1 imagery.
Surface area changes of the three main reservoirs in Trinidad,
namely, the Arena, Navet and Hollis reservoirs were calculated
from SAR imagery for both wet and dry seasons for 2017 to 2023.
The Arena dam is the largest reservoir ever built in Trinidad
spanning over 680 hectares. With a storage capacity of 46.6
million m? it supplies potable water to the central regions of the
island. The Navet reservoir covers approximately 324 hectares
with the potential to store 19.1 million m? of water for serving the
southern areas, while the Hollis reservoir is the smallest of all
three dams only holding about 4.75 million m? for distribution to
northern areas of the island (WASA, 2015).

2. Methodology

In this study, we utilized Sentinel-1 SAR images from January
2017 - December 2023. The SAR images were first aggregated
into dry and wet averages for each year before any further
processing. The aggregated seasonal products were then clipped
by geographic bounding coordinates encompassing each
reservoir. The aggregated and clipped images were then
processed using the Google Earth Engine (GEE) HYDRATfloods
package. Areas representing the water coverage of each reservoir
in their respective years and seasons were then extracted by using
the Otsu method for edge detection (Tiwari etal., 2020). Figure
1 shows sample extracted surface area boundaries of each
reservoir overlain on Google Earth imagery to demonstrate the
relative differences in sizes among them. The average surface
area values per season for each year between 2017 and 2023 were
then plotted in bar charts for each reservoir (Figure 3A & 3B).

Daily lake level and corresponding reservoir surface area data for
2017-2023 were obtained from the WRA. From these data, the
average surface area per season for each year between 2017 and
2023 was extracted for each reservoir. The SAR-derived seasonal
reservoir surface area values, the WRA-derived seasonal surface
area values, and the WRA-derived lake level values were then
plotted for trend comparison (Figure 4). WRA-derived seasonal
surface area values, originally provided in square metres, were
converted to hectares to ensure consistency with the SAR-derived
surface area estimates. These datasets were then plotted for both
wet and dry seasons across all three reservoirs; Arena, Navet, and
Hollis, to evaluate agreement, trends, and statistical relationships.
Pearson correlation coefficients (r) were then calculated to
quantify the relationships between (i) SAR-derived surface area
and WRA-derived surface area, and (ii) surface area and lake
levels. Correlation strength was interpreted using standard
thresholds, where values above 0.80 indicated very strong
relationships. A flowchart depicting a summary of the
methodology is given in Figure 2.
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Fig 4. Comparison of trends in WRA and SAR-derived
reservoir surface area (ha) and WRA-measured lake levels (ft)
for the Arena, Navet, and Hollis reservoirs between 2017 and

2023: (A) Arena (dry season), (B) Arena (wet season), (C)
Navet (dry season), (D) Navet (wet season), (E) Hollis (dry
season), and (F) Hollis (wet season).

Figure 4 shows a comparison of reservoir surface area estimates
derived from Sentinel-1 SAR imagery and those obtained from
the WRA of Trinidad and Tobago, together with corresponding
lake level data

3.1 Arena Reservoir

The Arena reservoir exhibited very strong correlations across all
datasets. In the dry season, SAR-derived surface area showed a
strong correlation with WRA surface area (r = 0.63) and a strong
relationship with lake levels (r = 0.65). In the wet season, these
relationships strengthened significantly, with SAR vs WRA area
showing a very strong correlation (r = 0.86), and both surface
area datasets demonstrating near-perfect correlations with lake
levels (r = 0.99).

These results indicate that SAR-derived estimates reliably
capture reservoir dynamics for larger systems such as Arena. The
strong agreement between datasets also supports the assumption
that surface area is directly related to water level, validating the
use of SAR as a proxy for reservoir monitoring.

3.2 Navet Reservoir

The Navet reservoir also demonstrated strong to very strong
correlations. During the dry season, SAR-derived surface area
correlated strongly with WRA surface area (r = 0.75) and lake
levels (r = 0.73). In the wet season, these relationships improved
further, with SAR vs WRA area reaching very strong correlation
(r = 0.86), and near-perfect correlation observed between WRA
surface area and lake levels (r = 0.999).

Although slightly weaker than Arena, these results still indicate
a high level of reliability in SAR-derived estimates for medium-
sized reservoirs. The consistent trends between datasets suggest
that SAR is capable of capturing seasonal variability effectively.

3.3 Hollis Reservoir

In contrast, the Hollis reservoir displayed markedly weaker
correlations between SAR-derived and WRA surface area
estimates. In the dry season, the correlation between SAR and
WRA area was weak (r = 0.28), and similarly weak relationships
were observed with lake levels (r~0.34). Wet season correlations
showed only marginal improvement (r = 0.31).

Despite this, WRA surface area and lake level data maintained
very strong correlations (r = 0.99), indicating that the underlying
hydrological relationship remains robust. The discrepancies
observed in SAR-derived estimates are therefore likely
attributable to limitations in spatial resolution (10 m Sentinel-1
data) and increased digitization uncertainty for smaller
reservoirs. These factors reduce the precision of boundary
delineation and contribute to error propagation in surface area
calculations.

3.4 General Trends

Across all reservoirs, a clear pattern emerges whereby the
accuracy and reliability of SAR-derived surface area estimates
decrease with reservoir size. Larger reservoirs such as Arena
show strong agreement between SAR and in-situ datasets, while
smaller reservoirs such as Hollis exhibit greater discrepancies.
This trend highlights the importance of scale when applying
SAR-based monitoring approaches.
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Overall, the results confirm that SAR-derived surface area
estimates align closely with both WRA-derived surface area and
lake level data for larger reservoirs, and that surface area can
serve as a reliable proxy for water level dynamics in these
systems.

Figure 4 integrates SAR-derived surface area, WRA surface area,
and WRA lake level datasets to further examine their
relationships. The analysis confirms that strong correlations exist
between water height (lake levels) and surface area for Arena and
Navet reservoirs, particularly during the wet season. However,
this relationship is less clearly resolved for the Hollis reservoir
due to the limitations associated with smaller spatial extents and
SAR resolution.

4. Discussion

The results of the analysis provide strong evidence supporting the
utility of Sentinel-1 SAR imagery for monitoring reservoir
surface area and, by extension, water level dynamics in Trinidad
and Tobago. The integration of SAR-derived data with WRA
surface area and lake level datasets demonstrates that remote
sensing approaches can reliably support in-situ observations for
larger reservoirs.

The very strong correlations observed for the Arena reservoir,
particularly during the wet season (r > 0.85 for SAR vs WRA
area and r = 0.99 for relationships with lake levels), highlight the
robustness of SAR-based monitoring in larger water bodies.
Similar, though slightly reduced, performance was observed for
the Navet reservoir, indicating that SAR remains effective for
medium-sized systems. These findings are consistent with
established understanding that SAR performs well in detecting
water bodies due to its sensitivity to surface roughness and ability
to penetrate cloud cover, an important advantage in tropical
environments.

In contrast, the relatively weak correlations observed for the
Hollis reservoir underscore a key limitation of SAR-based
approaches which is spatial resolution. At 10 m resolution,
Sentinel-1 imagery may not adequately capture the fine-scale
boundaries of smaller reservoirs, leading to increased uncertainty
in surface area delineation. This limitation is compounded by
potential interference and error propagation from vegetation
overhang along the reservoir boundary as well as classification
processes, particularly where shoreline complexity is high.

Importantly, the consistently strong correlations between the
SAR-surface area, WRA surface area and lake level data across
large and medium reservoirs confirm that surface area remains a
reliable proxy for water level. This reinforces the validity of
using remotely sensed surface area as a surrogate for
hydrological monitoring, particularly in contexts where in-situ
measurements are limited or unavailable.

From an applied perspective, these findings demonstrate that
SAR-based monitoring can be effectively integrated into national
water resource management frameworks. For larger reservoirs,
SAR provides a cost-effective, scalable, and high-frequency
monitoring solution that can support decision-making, early
warning systems, and long-term planning. However, for smaller
reservoirs, supplementary approaches such as higher-resolution
optical imagery, drone surveys, or in-situ calibration may be
required to improve accuracy.

Efficient water resource management is necessary for ensuring
the survivability of small island developing states like those of
the Caribbean region. Projected high rates of urbanization
coupled with the effects of climate change pose significant risks
to water availability in the coming years. Water demand and
water pollution are both exacerbated by urbanization, whereas
droughts, floods and seasonal water variability can all be
intensified by climate change. The geographic and financial
constraints of Caribbean SIDS further compound this situation;
therefore, the efficient management of water resources and
infrastructure should be of high priority in these high-risk
regions.

Current water resource monitoring practices rely heavily on
conventional in-situ methods which are often time, labour and
fiscally restrictive. The use of drones has helped to alleviate these
restrictions to some degree but even this technology has many
drawbacks. The approach applied in this study offers increased
accessibility, affordability and relevance particularly for resource
limited environments. SAR technology has the ability to
penetrate clouds which is especially useful for tropical regions
that are persistently hampered by clouds, while GEE provides a
seamless environment for efficient data processing and analysis.

The WRA surface area and lake level data and CHIRPS database
allowed for further analysis and played a functional role in
validating and contextualizing the reservoir surface area changes
observed. In this regard, it is important to combine hydrological
and meteorological data for a more holistic understanding of
water resource dynamics.

The results of this study demonstrate the utility of SAR data for
reservoir monitoring on small islands to enhance water resource
monitoring and management strategies. Data would be better
calibrated against periodic, in-situ measurements for e.g., from
higher-resolution surface area measurements from drones. There
is a need for innovative and low-cost solutions for water resource
management in an environment of increased urbanization and
pending climate change.

5. Conclusion

In conclusion, the framework used in this study can be integrated
into early warning systems for identifying water resource
availability risk and adaptive water management strategies. Its
cost- effective approach and accessibility make it a viable option
for resource constrained governments such as those of the
Caribbean region.

Further, this study highlights both the strengths and limitations
of SAR-based reservoir monitoring in small island developing
states. While highly effective for larger systems, careful
consideration of spatial scale and methodological refinement is
necessary to ensure reliable application across varying reservoir

types.
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