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This study investigates the impact of climate variability on groundwater quality in Mauritius. This is achieved by analyzing the physical and chemical water quality of the five main aquifers over eleven years. Temporal variations in water quality properties were compared to the Standardised Precipitation Index (SPI), Dry Spells, the Standardised Evapotranspiration Index (SPEI), and other climate variables to gain insights into how precipitation controls groundwater quality. The results reveal that the SPI and the SPEI correlate minimally with water quality indicators. Sulphate is the only water quality indicator that showed correlations above 0.4 in aquifers 2 and 3 against a 12-month SPI. Sulphate, alongside chloride, showed what is termed ”notable correlation,” a concept defined in this paper to accommodate correlations that fall above 0.3 when assessed against global climate modes ENSO and AAO, respectively. These results signify that sulphate is the most sensitive water quality indicator to water quantity changes, notwithstanding the modesty of the correlations. Heavy storms occurring during cyclones impact groundwater quality with respect to conductivity, TDS, salinity, and nitrate, although this could not be statistically tested given the lack of water quality indicators collected on the days surrounding the storm. Therefore, the conclusion is made based on one storm event. The study revealed that individual correlations between climate indices and water quality variables are present but weak. However, the long-term trend in water quality is visible.
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1 Introduction

The contamination of freshwater resources is a global concern. According to the World Health Organization (WHO), waterborne illness has been the leading cause of death worldwide, making water resource management a top priority. Studies have shown that groundwater is increasingly being tapped for drinking water supplies, partly because of the growing scarcity of water resources and also because groundwater is preferred as a source of “clean” drinking water, which is particularly the case in Mauritius Island. There are various factors that can cause groundwater contamination through both natural and anthropogenic factors. Geogenic contamination of groundwater may result from the geochemical characteristics of the aquifer material, including high concentrations of the contaminant within the rock matrix.

Mauritius is a 2,040-square-kilometer Small Island Developing States in the south-east of the Indian Ocean with a population of slightly above a million citizens. According to Devi Nowbuth et al. (2012), 50% of the total domestic water consumption in Mauritius is sourced from groundwater reservoirs. The groundwater degradation in Mauritius is a critical challenge, given the level of dependency on groundwater. Therefore, the monitoring of groundwater quality is of high importance. The Water Quality Index (WQI) assessment conducted in the aquifer revealed that the aquifer was in good water quality condition (Gungoa, 2016). Gungoa (2016) further finds the state of water quality in Mauritius has been determined for one aquifer region located in the north of the country. However, an elevation in nitrate was also noted to be threatening the state of this WQI score. This paper seeks to revisit all the water quality indicators and evaluate their change in relation to perceived predictor variables such as drought indicators and climate variability modes across the entire island.

Sarker (2022) lays down a cliché that says, “Climatology and meteorology are closely connected, yet have different time scales.” This is a point considered in this paper as the desire to make it comprehensive led to assessments of both large-scale climate modes and a storm. The latter is climatological while the former is meteorological, and both contained potential answers to the aquifer recharge rates and overall water quality signals. When considering climate variability which Sarker (2022) describes as the deviation of climatic characteristics from the norm, El Niño–Southern Oscillation (ENSO), Antarctic Oscillation (AAO), Indian Ocean Dipole (IOD), and the Southern Oscillation Index (SOI) were selected as the climate variability modes to be considered against groundwater quality to gain an understanding of the climate impact on the groundwater.

Climate change has significant impacts on groundwater resources in Small Island Developing States (SIDS). Groundwater quality studies in relation to climate variability are very important in SIDS because of the risk of water quality changes in response to these climate variables and the large dependence on groundwater for water supply (Thomas et al., 2020); 90% of the SIDS are in the tropics. Many are seasonally affected by extreme weather events, tropical storms, cyclones, and hurricanes. Climate variability, droughts and flooding are also features of their weather patterns. El NiñoSouthern Oscillation (ENSO) events also produce dramatic changes in rainfall, rising sea levels and other weather-related events (UNFCCC, 2005). As sea levels rise, saltwater intrusion becomes a significant concern for groundwater resources (Thomas et al., 2020). Sea-level rise, storms, and changes in precipitation have affected these sources, leading to further stress on freshwater availability (Thomas et al., 2020). It is important to note that the specific impacts of climate variability on groundwater in SIDS can vary based on the geographical location, hydrogeological characteristics, and local climatic conditions of each island. Therefore, it is essential to conduct detailed studies and assessments specific to each island to fully understand the local context and develop targeted adaptation measures (Thomas et al., 2020). The relationship between groundwater and rainfall parameters such as drought indicators and climate variability modes has received little attention in the Island of Mauritius. This is potentially due to the limited nature of the long-term time-series data on water quality in this location as it is generally the case globally.

In the 20th century, the frequency of tropical cyclones in the vicinity of Mauritius has increased with a relative fall in intensity over the years, resulting in increased vulnerability for the communities exposed to these high occurrences of low- or average-intensity extreme events (Garnier and Desarthe, 2013). A significant increase in the frequency and intensity of other extreme weather events, including floods and droughts, has been reported over the years on the island (Chacowry et al., 2018; Seebocus et al., 2021). Additionally, Mauritius has experienced a relative rise in sea level of 4–6 mm per year over the past 30 years, corresponding to an increase of 2–3 times higher than the global average (Doorga, 2022). However, preparedness for scenarios would necessitate further understanding of the temporal evolution of climate impacts on the water quality on the island. The tropical climate of Mauritius provides an ideal case study, with potentially insightful results on how groundwater is vulnerable in Small Island Developing States due to the impacts of climate change.

The study is based on the five main Mauritius aquifers shown in Figure 1. The objective was to analyze the impacts of climate variability on groundwater over the period of 2010–2021. Correlation analysis between the various water quality variables and the climate variables has been used as the linkage between climate and water quality. The data used in this study are obtained through different sources based on the data type. The data are taken through processing before performing the relationship analysis. The first and most primary dataset used is the in situ borehole data, which are obtained from the Central Water Authority (CWA), from a total of 63 boreholes across the Island and monitors groundwater quality on a daily basis.
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FIGURE 1
 Five main aquifers of Mauritius Island are displayed. The secondary aquifers (Chamarel, Frederika, Chemin Grenier, and Yemen) in the South West are excluded from this study due to their lack of continuous data record. This illustration figure is courtesy of Devi Nowbuth et al. (2012).


Theoretically, aquifers are recharged under wetter conditions where SPI and SPEI index are high, wet spells are prevalent, and cyclones frequently lead to more dilute water chemistry and washing of polluted surface waters to groundwaters. Contrarily, groundwater recharge is limited during high SPEI index and when dry spells are predominant leading to higher ionic contents in the water. The high rainfall seen during cyclones is compared with the groundwater quality water parameters collected around the same time. The aim was to illustrate whether during a cyclone event, the ground water chemical, and physical state is affected or not.

According to UNFCC, SIDS have been recognized as being the most vulnerable to the impacts of climate change. Due to the geographic location of SIDS and the influences of oceanic circulation systems, natural precipitation varies from year to year, leading to various forms of extreme weather events, such as droughts, floods, and cyclones. Rainwater is the main source of water supply in SIDS and is highly influenced by rainfall patterns and extreme weather events. Changes in rainfall precipitation coupled with changes in El Niño intensity and frequency can put additional stress on water availability and quality in SIDS UNFCCC (UNFCCC, 2005).



2 Materials and methods


2.1 Data acquisition and preparation


2.1.1 In situ groundwater quality data

This study utilizes a rare, continuous 10-year dataset of monthly groundwater quality parameters, including pH, conductivity, TDS, salinity, chloride, sulfate, and nitrate, collected by the Central Water Authority (CWA). Originally, the water quality data were collected daily but were time-averaged to monthly composites to reduce temporal gaps. Although the water quality data are collected and managed by the CWA at a borehole level, visualized in Figure 1, this study spatially averages the borehole groundwater quality data and assesses it at the aquifer level, rather than using discrete borehole samples. This approach reduces noise and condenses independent spatial parameters to five main aquifers, which is also reflected in Figure 1, which displays both aquifers and boreholes for a comprehensive overview.




2.2 Rainfall data

The rainfall data are crucial for this study as it is used to compute drought indicators. These indicators are then statistically tested against the groundwater quality data to produce correlation coefficients and other indicative statistics. The rainfall data have been obtained from the ERA-5 dataset, provided by the Copernicus Climate Data Store, which offers hourly and monthly average rainfall records from 1979 to the present (Hersbach et al., 2020). ERA-5 is a platform for high-resolution reanalysis data with a spatial resolution of 0.25° × 0.25°. The data were accessed via an open-source API and downloaded as monthly average NetCDF files. Monthly rainfall frequency was chosen to match the time frequency of the borehole groundwater quality data as this would allow for correlation assessment.



2.3 Methods


2.3.1 Standardized precipitation index

The SPI computed in Equation (1) is a statistical, meteorological tool used to study droughts and wet periods. According to Guide et al. (2012) and Svoboda et al. (2012), the SPI tool was developed by McKee et al. (1993). It was developed to estimate droughts at a point in time over a region in relation to its historical context (the climate). McKee et al. (1993) proposed this indicator as a definition of drought, which could serve as a versatile tool in drought monitoring and analysis. The SPI is currently a widely used tool in agriculture, hydrology, and climatology across the world. The SPI is also highly regarded and recommended by the WMO as a tool for all nations to use to analyze drought. SPI is generated based on the following equation:
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Pij refers to precipitation with 
ij
 subscript referring to the latitude and longitude geographical location in the study of interest. P¯
ij
 refers to average precipitation, while θij refers to the standard deviation of the rainfall time series with time (months) represented by the 
k
th
 term. Paulo et al. (2003) performed a detailed derivation of the above equation.



2.3.2 Standardized precipitation evapotranspiration index

The SPEI is computed in a similar way as the SPI; however, for the SPEI, the analysis takes an additional parameter, the surface temperature. The surface temperature is used for performing an evaporation rate, which is believed to be a factor, especially when assessing vegetation as a parameter. The SPEI has been considered for this paper as it is known to usually predict with an elevated level of precision compared to the SPI in vegetation-covered environments. The evapotranspiration is the parameter considered on the computation of SPEI. The SPEI is quantified based on the following steps:

1. Computation of the potential evapotranspiration.

2. Determination of the deficit or surplus water budget based on the difference of precipitation and evapotranspiration.

3. Normalization of the water balance of the log-logistic probability to express the SPEI series (Potop and Možný, 2011). The detailed computation of the SPEI involves what is called the Hargreaves’ method and is detailed in Hargreaves and Samani (1985).

The SPEI and SPI can further be classified into the table categories depicted in Table 1, which each demonstrates the severity of the drought indicator in question. The value depicts in the table represents the number of standard deviations from the mean represented by each drought indicator.



TABLE 1 The SPI and SPEI Table describes the meaning of the SPI anomaly index McKee et al. (1993).
[image: Table1]



2.3.3 Dry spells

The dry spells are periods of extended, several dry consecutive days. The dry spells represent days of little to no precipitation and periods of near-zero recharge to the aquifers. In this study, a “dry spell” is defined as a period of 7 or more days in a row that each received 5 mm of rainfall or less. This definition of a dry spell is given axiomatically as there is no universally agreed-upon definition that quantitatively defines a dry spell.




2.4 Climate oscillations and synoptic scale features


2.4.1 Large-scale oscillation indices

The Southern Oscillation Index (SOI), otherwise known as the El Niño–Southern Oscillation (ENSO), is a large-scale climatological feature that influences rainfall regimes through sea surface temperatures (SST) anomalies that support vertical fluxes. The SOI is obtained from the National Centers for Environmental Information (NCEI) online data repository. The Antarctic Oscillation index (AAO) otherwise also known as (AO) conversely is driven by sea-level pressure (SLP) dipole located in the southern ocean and mid-latitudes (Gong and Wang, 1999). These SLPs vary over the years and they are multi-annual or decadal scale oscillations similar to the SOI. During periods in which the higher SLPs are located further south, the AAO is positive, but when these SLPs weaken near Antarctica, this represents periods of low sea-ice expansion and thus a negative AAO period (Jevrejeva et al., 2003).

The Indian Ocean Dipole Index (IOD) similar to the AAO is driven by a dipole of SLPs. According to Ashok et al. (2004), the IOD is a phenomenon that occurs inter-annually due to ocean and atmosphere coupled dynamics. This phenomenon is characterized by warmer SSTs on the west of the basin or lower pressures, while simultaneously cooler SSTs or higher pressures on the east are observed. This arrangement of the atmospheric pressures is called a dipole. These data were obtained from the National Oceanic and Atmospheric Administration Physical Sciences Laboratory and at the Global Climate Observing System (GCOS) Working Group on Surface Pressure—Timeseries Data NOAA Physical Sciences Laboratory.



2.4.2 Tropical cyclones

Tropical cyclones are storms formed in areas with a tropical climate located between 10° and 20° North or South Latitudes. Mauritius Island being located in the tropical zone is prone to cyclonic visits during summer seasons bringing heavy rainfall onto the island. This study aimed to determine the effect of extreme rainfall intensity during cyclonic conditions on groundwater quality. Cyclone Esami which occurred in January 2020 is selected for correlation analysis against groundwater quality. Cyclonic data are obtained from the worlddata.info website.




2.5 Computation of the correlation heat maps

The global climatic forcing data in the form of AAO, IOD, and SOI as well as the drought indicators data in the form of SPI, SPEI, and dry spells are compared against the in situ water quality data (nitrate, sulfate, conductivity, salinity, chloride, TDS, and pH) via correlation analysis. The correlation analysis is performed by means of comparing the time-series records of each of the predictor variables with the in situ water quality data using statistical, python tools. The output of this correlation analysis is shown as correlation heat-map figures in the Results section. The SPI, SPEI, and dry spells are methods of estimating the accumulative water budget based on rainfall and water loss. They are evaluated over a 1-, 3-, 6-, and 12-month period to assess monthly, quarterly, biannual, or annual water budgets (Figure 2).
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FIGURE 2
 Conductivity time series as a water quality indicator in Mauritius.


The response of groundwater parameters to changes in the water budget is influenced by factors, such as aquifer permeability and recharge rates. Faster recharge rates might correlate more closely with one-month SPI and SPEI values, while slower recharge rates could result in a more delayed reaction in groundwater quality indicators to variation in drought indicators. The correlation matrices shown in Figures 3–6 are derived from the time-series data of the correlated parameters (shown in Supplementary Appendix) and are based on in situ data not fully presented in this paper as time series. Figure 6 shows the correlation heat maps between water quality parameters and climate variability modes. The aim was to observe the impact of these modes on the groundwater quality parameters in each aquifer as aquifers may experience a different impact.

[image: Figure 3]

FIGURE 3
 Conductivity model validation signal across five main aquifers.
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FIGURE 4
 The correlation matrix plot showing relationship strength of the water quality indicators vs the 12-month SPI. Aquifer correlation plots vs (A) Chloride, (B) Conductivity, (C) Nitrate, (D) pH, (E) Salinity, (F) TDS and (G) TDS heatmap plots.
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FIGURE 5
 The correlation matrix plot showing relationship strength of the water quality indicators vs the 1-month SPEI. Aquifer correlation vs (A) Chloride, (B) Conductivity, (C) Nitrate, (D) pH, (E) Salinity, (F) TDS and (G) TDS heatmap plots.
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FIGURE 6
 The correlation matrix plot showing relationship strength of the water quality indicators vs the Dry-Spells SPI. Aquifer correlation vs (A) Chloride, (b) Conductivity, (C) Nitrate, (D) pH, (E) Salinity, (F) TDS and (G) TDS heatmap plots.





3 Results


3.1 Water quality time-series data

The water quality time-series data represented for nitrate, sulfate, conductivity, salinity, chloride, TDS, and pH will only be demonstrated by the time series of conductivity visually in Figure 2. However, all other indicators including conductivity have been analyzed for correlation against the predictor variables. In addition to the clear trends shown here using the conductivity parameter, where signals vary from aquifer to aquifer, trends have also been captured on other parameters and have also been noted to have varying signals across aquifers similarly (not shown in this paper). The electrical conductivity in the groundwater of Mauritius varies between 172 and 1,166 μS/cm (Izadi et al., 2021). This makes the results obtained in the secondary aquifer suspect and combined with their extreme variance, they seem less well managed or collected; therefore, they carry little prospect of bringing a deterministic value to the overall investigation; hence, the secondary aquifer is excluded from this study.



3.2 Trend analysis and hypothesis testing

Regression analysis on each of the water quality indicators is undertaken to assess the long-term change through the time series. A simple linear regression is conducted based on parametric statistical methods (which means they depend on the normality of the data). The regression model is always preceded by a model validation. This is a process of testing underlying model assumptions which are as follows:

1. Test for normality of residual distribution,

2. Test for normality of its theoretical quantiles compared to observation quantiles, and

3. Test for the randomness of distribution in the residuals across predicted values.

Figure 3 shows the model validation plots for conductivity and validates the models for each aquifer against the underlying assumptions. Similar validation for each parameter was undertaken before regression on each of them. The Q-Q plots show a relatively straight line along the q-q line of the axis, which satisfies the second assumption, as it demonstrates the normality of quantiles. The quantiles are the groups generated by dividing a frequency distribution into equal groups, sometimes are also referred to as percentiles. The histogram shows a bell-shaped curve distribution, which closely resembles a normal distribution, which satisfies the first assumption in each aquifer. The randomness of the residuals observed in plot a’s demonstrates a correct conformity to the third assumption in each aquifer.


3.2.1 Conductivity hypothesis test

Model validation paves the way for statistical analysis of the linear regression model. The regression statistics displayed in Table 2 show the coefficients of variation of the displayed conductivity time series shown in Figure 2 with additional details such as the standard error, t-value, and the p-values for each aquifer. The coefficient is the trend. The standard error is the sample-adjusted standard deviation, and the p-value is the probability of success where success is the rejection of the null hypothesis. Therefore, hypothesis testing is part of this section where each aquifer regression will be tested for change across time. If the change is significant based on the 95% confidence level, observed through the p-value, then that change is concluded to be statistically significant. However, a change denoted by p-values >0.05 is regarded as insignificant over this time period as it falls outside the 95% confidence level.



TABLE 2 Summary of results of a linear regression model of conductivity displays the coefficient of variation, standard error, t-value, p-value, and significance at a 95% confidence level.
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The conductivity regression model is given based on the equation:
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The β(Conductivity) is the dependent variable (conductivity). The β0 is the intercept, β1 is the coefficient of variation, and ϵi is the error term. It can be observed in Table 2 that aquifers 1, 2, 3, and 5 have significant changes over the period of study with coefficients of −0.40, −0.34, −0.09, and − 0.35 μS/cm per month, respectively. The negative change in each case represents an improvement in the conductivity (lowering of electrical conductivity and dissolved inorganic material ions) state of these aquifers across time. Aquifers 4 and 5 are also negative but are not significantly changing.

The results shown in Table 2 indicate a p-value for aquifer 4 that is greater than α, and therefore, there is no sufficient evidence to reject the null hypothesis in that aquifer as it does not fall within the rejection region of the t-statistic. For the rest of the aquifers, we reject the null hypothesis and conclude that there is a change in conductivity in the Mauritius aquifers over the period of study.




3.3 SPI correlation with aquifer groundwater quality

The correlation coefficients of drought indicators versus each water quality parameter are assessed in each aquifer. The 12-month SPI indicator signal is shown in Supplementary Figure S1, while the water parameter data not shown for the rest of the parameters are exemplified by the conductivity parameter signal shown in Figure 2. The best obtainable results in SPI are observed in the 12-month SPI as shown in Figure 4. The 12-month SPI displays a − 0.40 and − 0.33 sulfate correlation in aquifers 2 and 3; this is to highlight the notable correlations that are above 0.3. These coefficients indicate a potentially significant relationship between the predictor and response variable. The correlation observed after a 12-month lag indicates a much-delayed impact, which could be due to a slow recharge rate.

Figure 4 displays correlation coefficients that are better than correlation coefficients shown by a 1-month SPI, 3-month SPI, and 6-month SPI. The higher frequency SPIs were assessed (results not shown in this paper) and displayed even lower correlation coefficients than the 12-month SPI. The assessment of various frequency SPIs was performed to assess the lag time frame at which drought impacts the aquifers based on this drought indicator. The overall conclusion reached is that it takes an entire year for the effects of the SPI drought to receive maximum response from some of the water quality parameters that appeared to respond to it.



3.4 SPEI correlation with aquifer groundwater quality

The SPEI indicator signal is shown in Supplementary Figure S2 displays the SPEI signal across time. The 1-month SPEI index is considered because it exhibits the highest correlation coefficients compared to other time-span SPEIs. This does not mean the SPEI values were high in absolute terms, only in relation to other SPEI indexes. Figure 5 displays correlation coefficients; nitrate has peak correlations at 0.20 and − 0.18 for aquifers 2 and 3, respectively. These correlations are highlighted as they appear to be the highest in this correlation matrix, but they may not be high enough to suggest a relationship that can be considered strong or meaningful.

Figure 5 displays 1-month SPEI, which is a striking contrast to what was presented by the SPI. The reason for a 1-month SPEI is that similarly after all frequency SPEIs were assessed (results not included for the other SPEIs), the 1-month SPEI was found to be the stronger correlated on this drought indicator notwithstanding the low strength correlations it exhibits.



3.5 Dry spell correlation with aquifer groundwater quality

The dry spell indicator signal is shown in Supplementary Figure S3 with dry spells being brought into the picture. It is visible that there is a really low correlation relationship that can be established between water quality indicators in each aquifer and the dry spells assessed every month. The strongest correlation coefficient seen in Figure 6 is seen in pH at the value of −0.35 in aquifer 4. The dry spells are computed and defined as a series of 7 consecutive days with less than 5 mm of rainfall. These occurrences seem to take place mostly one time a month as shown in Supplementary Figure S3.



3.6 Global climatic forcing

The global climatic forcing indices assessed are AAO, IOS, and ENSO. They are then correlated with water quality parameters to estimate their driving impact on the Mauritius aquifers as shown in Figure 7. Their impact is moderate to weak when assessed against the seven water quality measures studied in this paper. Figure 7 displays their correlations where it can be noted on the correlation matrix that the strongest matches exist among some variables of interest (predicted variables) such as conductivity and TDS as well as salinity and conductivity, etc. These can be expected because some of these variables are derived/computed from each other. However, there is a weak relationship between these global indices and water quality parameters observed in each aquifer.

[image: Figure 7]

FIGURE 7
 The correlation heatmap plot showing relationship between the environmental factors (IOD, AAO, and ENSO) and the water quality indicators. Global climate modes and water quality parameter correlation vs (A) Aquifer 1, (B) Aquifer 2, (C) Aquifer 3, (D) Aquifer 4 and (E) Aquifer 5 heatmap plots.


Some positive correlations (approximately 0.2) observed in aquifer 7 are between IOD and nitrate, between pH and AAO, and between sulfate and ENSO. In aquifer 4, a relationship of similar proportion is observable between AAO and sulfate. In aquifers 2 and 3, there are no notable correlations between global indices and water quality parameters. In aquifer 1 however, the pH appears positively correlated to AAO also at approximately a low 0.2. Further correlations that are even stronger than the ones highlighted above also exist in this correlation matrix but they are not between the variables we are interested to compare. Therefore, there is no note made about them. These correlations are often predictor versus predictor variable or predicted versus predicted variables, i.e., TDS versus conductivity. The actual monthly signals of AAO, IOS, and ENSO are computed but not shown in this paper as they are generally available in many open-source atmospheric data repositories such as Copernicus data store and NASA data.



3.7 Rainfall spikes or tropical cyclone impact

The rainfall spikes such cyclones are to be viewed directly in contrast to dry spells as they bring about excessive rainfall over a short period of time potentially elevating the recharge of the aquifers. The selection of a cyclone is made on the basis that it overlaps the in situ data record and directly impacts the island around the time of good in situ observations. Tropical cyclone Esami occurred during the period 21st to the 26th of January as shown in gray highlight in Figure 8. The figure displays rainfall in and around the period of the tropical cyclone and compares the water volumes generated by the storm with groundwater parameter measured quantities. This is done for determining the possibility of short-term rainfall influence on the state of groundwater quality in the assessed aquifers. It is apparent in Figure 8 that pH is only assessed on few occasions after the storm; on the 29th and 30th of January, the quantities are below 7 as shown for aquifer 1 (blue dots). For aquifer 2 (red dots), 3 days after the storm, the pH is in medium quantities of round 7 but after the 8th of February, a period of 2 weeks after the storm, the quantities appear to have increased to approximately 7.25. The pH appears to generally increase after the storm overall as also seen in aquifer 3 (green dots). Assessing a period before the storm is not easy as there was a high rainfall event again that preceded cyclone Esami. However, a comment can be made that during that high rainfall event itself, the pH recorded in aquifers 2 and 3 was low, but after the event, they gradually inclined as shown around the 8th of January. For conductivity, TDS, and salinity after cyclone Esami, they showed a decrease in aquifers 1, 2, and 3. There was only one information available for aquifer 4, and so no comparison could be made. For nitrate, for aquifers 1 and 4, no comparison could be made due to insufficient data. However, a decrease in the level of nitrate could be seen. No data were available for chloride, sulfate, and aquifer 5, this is why the sulfate plot has no data points and the chloride plot was not generated for having the same results as sulfate during this period. Aquifer 5 made no observations during the storm period.

[image: Figure 8]

FIGURE 8
 Daily groundwater parameter readings versus storm Esami event analysis.





4 Discussion

The conductivity regression computed based on equation (2) has been tested against various aquifers and it showed that there is a base case for assessing the conductivity in all aquifers excluding aquifer 4 as they are changing in time. The study is based on testing the possible drivers of this change. Other variables such as nitrate, pH, phosphate are also assumed to be changing with time but the test done on conductivity will be performed on them on a future study.

The dry and wet spells are periods of extended dry days and extended rainfall days, respectively. The dry spells represent days of little to no precipitation. During this period, the water table receives no recharge and runs low on the solvent. This is expected to contribute to higher chemical and nutrient concentrations within aquifers. On the other hand, wet periods represent days of non-stop precipitation for days in a row or high-volume event precipitations. This theoretically leads to an aquifer recharge, which is important for replenishing the water table and serves to lower the chemical concentration of the ground water. This relationship has been tested in the statistical section to ascertain the strength of this theoretical relationship. In this study, a “dry spell” is defined as a period of 7 days or more in a row that each received 5 mm of rainfall or less. In this assessment, dry spells are analyzed at a monthly level, like the SPI and SPEI even though dry spells tend to be seasonally analyzed in most literature. This was done in order to standardize the temporal component of evaluation across all parameters. As depicted in 7, the global climate modes all appear to detect at below 0.3 in correlation except in the AAO-sulfate where a correlation of −0.33 was detected in aquifer3 and the 0.3 ENSO-chloride correlation in aquifer 5. This signifies a very limited influence of global climate features on aquifer water quality.

The observable pattern shows a high density of dry spells during the years 2019 and 2020. This could potentially explain the reason for cyclone Esami’s detected effect on the aquifers. The aquifers might have been running significantly dryer than usual due to the density of dry spells; therefore, a storm event brought a sudden solvent to the aquifers that was deprived extensively. It was unexpected that the SPI and the SPEI indexes displayed no strong month-to-month correlation with groundwater quality parameters. This study was conducted based on the hypothesis that the amount of available precipitation is the leading indicator of groundwater quality as far as the concentrations of the water quality parameters are concerned. In Figure 4, this relationship was only observed in the 12-month SPI shown, making the meaning of that outcome rather hard to interpret. The global climatic forcing indices showed weak correlations with groundwater chemical/physical properties, making it hard to positively conclude any existence of a direct connection.

There is more that can be said about the different SIDS beyond Mauritius. For example, different SIDS, focussing on their unique issues, employ strategies to address groundwater quality and availability. In the Caribbean, groundwater is a critical resource due to limited surface water availability. Studies indicate that these islands face significant challenges related to over-extraction and pollution. For instance, in the English-speaking Caribbean, groundwater resources are heavily relied upon, yet their management is often hindered by inadequate infrastructure and policy frameworks (Mycoo and Roopnarine, 2024). Additionally, the intrusion of seawater due to over-pumping and climate-induced sea-level rise exacerbates the quality of groundwater, posing severe risks to water security (Hernandez-Delgado et al., 2024). The Pacific region presents a different set of challenges primarily due to its geographic dispersion and climatic conditions.

Many islands in the Pacific, such as those in the Maldives and the Solomon Islands, experience severe droughts, which significantly impact groundwater recharge rates (Jaleel et al., 2020; Dorevella et al., 2021). Furthermore, the limited land area of the islands means that any contamination can rapidly affect the entire freshwater supply. In response, Pacific SIDS have adopted innovative strategies such as rainwater harvesting and the use of desalination plants. These technologies are often combined with traditional knowledge and practices to enhance their effectiveness (Ahmed and Mishra, 2020). Community involvement in these initiatives is crucial, as highlighted by MacDonald et al. (2020), who emphasize the role of local communities in managing and maintaining water infrastructure to ensure long-term sustainability. SIDS in the Indian Ocean, such as Mauritius and Seychelles, also grapple with significant groundwater challenges. These islands face issues related to both quality and quantity, with agricultural runoff and industrial activities being primary contaminants (Majidipour et al., 2021). The limited availability of freshwater resources necessitates stringent management practices to prevent over-extraction and pollution.

The implications of this research on environment and climate change are that groundwater quality can be severely impacted by agricultural fertilizers, which would induce nutrients such as nitrates through ammonia groundwater leaching. This study played a role in investigating whether such has taken place and to what degree. This is an important question as it informs water management and touches on the food security of the Island. The climate impact assessment is handled by the evaluation of the climate modes against the water quality. The low correlations observed show that the impact of climate change is not detected on the groundwater at a remarkable scale.



5 Conclusion

It has been established in this paper that correlations are not very strong between the water quality indicators and the rainfall indicators, which are separated into two categories: drought indicators and global climate modes. However, there were notable correlations in the case where we have axiomatically set a 0.3 correlation as a baseline for a notable correlation. In this case, a 12-month SPI versus sulfate in aquifers 2 and 3 was notable with correlation coefficients of −51 and − 44, respectively. Apart from sulfate, pH was the only other water quality parameter that exhibited a response.

The meaning of the 12-month SPI correlation symbolize a delayed response to water abundance by aquifer’s water quality indicators. Much as it is unfathomable that there can be a 12-month delay in the response to a rainfall event by an aquifer, it is apparent based on observed outcomes that a potentially slow recharge rate in aquifers 3 and 4 might be giving rise to water availability related responses seen in nutrients such as sulfate, chloride, and even nitrate to a lesser extent in the said aquifers. It is further concluded that high storm events such as tropical cyclone Esami result in shorter-term recharge that is observable by a change in water quality parameter concentration days after the storm. The conclusion is that it is possible to observe the impact of storm water in the aquifers though not statistically evaluated, but it is less apparent to see these changes when using a time-series data array as exemplified by drought indicators where any relationships were only observable on longer timescales.

There is no strongly detectable influence of global climate modes on the water quality indicators. The global climate modes all appear to detect low correlations with the aquifers although aquifers 3 and 5 showed some notable yet modest relationships in AAO and sulfate as well as in ENSO and Chloride, respectively. It is worth mentioning that even against the SPI drought indicator, the sulfate showed a notable response to the indicator signal. This can lead to the conclusion that sulfate has a seemingly higher response to water availability than the other water quality indicators. Heavy storms occurring during cyclones impact the groundwater quality with respect to conductivity, TDS, salinity, and nitrate, although this could not be statistically tested given the lack of water quality indicators collected on the days that surround the storm; therefore, the conclusion is made based on one storm event.

The comparative analysis of groundwater challenges in different SIDS highlights the diversity of issues and responses across regions. While Caribbean SIDS emphasize policy interventions and community-based monitoring, Pacific SIDS focus on integrating traditional knowledge with modern technologies. Indian Ocean SIDS, on the other hand, benefit from advanced monitoring systems and participatory governance. Despite these regional differences, the common thread across all SIDS is the crucial role of community involvement in ensuring sustainable groundwater management. By leveraging local knowledge and fostering stakeholder engagement, SIDS can effectively address their unique groundwater challenges and enhance water security.

Future research on this topic can strongly benefit from an assessment done against higher resolution rainfall. The 0.25° × 0.25° resolution precipitation from ERA-5 used in this study for computing drought indicators is not very suitable for this location as Mauritius Island is quite a small geographical location. This results in the rainfall variation getting poorly captured and could have been a factor in the correlation scores. Additionally, the paucity of observations on the boreholes around storm events made storm analysis harder to assess.
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