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A B S T R A C T   

Freshwater resources on small island nations are already at risk from sea level rise and groundwater pumping 
however, increasing aridity due to climate change further stresses water availability. The amount of freshwater 
availability on small island nations is delicately balanced by incoming precipitation (P) and outgoing evapo
transpiration (ET). As climate changes, some island nations may see increasing aridity (ET > P) which can have 
implications for long term freshwater sustainability. Understanding how P and ET are changing allows small 
island nations to make more informed planning decisions regarding sustainable management and to adapt 
contemporary strategies to accommodate future change. The Bahamas is one such nation made up of over 700 
small islands, many of which rely on freshwater lenses for potable water and irrigation. We use precipitation 
obtained from the TerraClimate reanalysis dataset and satellite derived actual evapotranspiration (ETa) to 
analyze how seasonal and yearly water budgets have changed over the last 16 years. We show that ETa is 
increasing across the Bahamas at a higher rate than global averages. The cause of ETa increases is driven by both 
increases in temperature and water availability form shifting precipitation patterns, ultimately driving decreases 
in the amount of available water to recharge the freshwater lens.   

1. Introduction 

The availability of freshwater resources on many small islands 
(<2000 km2) is an increasing concern as climate changes and sea levels 
rise (Falkland and Custodio, 1991; IPCC, 2014). Climate fluctuations 
such as shifting precipitation patterns and magnitudes, coupled with 
increasing temperature and subsequent changes in evapotranspiration 
(ET) will impact the overall available water that can recharge freshwater 
lenses - a common source of potable water and irrigation for many 
islands. Small islands, particularly low-lying ones, are some of the most 
sensitive due to size and aquifer permeability. Thus, accurate water 
budgets are necessary to inform water management planning strategies 
now and in the future. 

The amount of recharge to a small island freshwater lens is primarily 
controlled by precipitation and ET while geology and geometry are 
secondary controls on overall available storage volumes (Budd and 
Vacher, 1991; Vacher and Wallis, 1992; Schneider and Kruse, 2003; van 
der Velde et al., 2006; Bailey et al., 2010; Holding and Allen, 2014). 
Freshwater for many small islands exists as a lens that sits atop and 
interacts with the underlying seawater (Budd and Vacher, 1991). The 
volume of freshwater availablity is dependent upon the available aquifer 
storage which exponentially decreases with island size and elevation 

above sea level (Vacher, 1988; White and Falkland, 2009). Recharge to 
the freshwater lens is primarily governed by the balance between pre
cipitation and ET as carbonate landscapes (e.g. islands) with little relief 
and porous substrate do not typically support surface drainage (Ford and 
Williams, 2013; Worthington, 2001; Whitaker and Smart, 2007; Gulley 
et al., 2016) and soil storage is typically minimal compared to overall 
precipitation and ET (<10 cm) (Crump and Gamble, 2002). For small 
islands, the volume of potential storage for freshwater is already low, so 
when the primary controls (P and ET) change, the amount of water 
available in the lens can drastically change as well. Precipitation 
reduction because of El Nino Southern Oscillation (ENSO) cycles has 
been shown to cause devastating droughts on Pacific atolls causing 
significant freshwater lens depletion (Bailey et al., 2009; Bailey et al., 
2010). Droughts are especially problematic as the freshwater lens is 
commonly pumped as rainwater from catchments is limited during these 
times (Presley 2005). Furthermore, freshwater lenses in small islands are 
typically contained within carbonate/coralline and volcanic aquifer 
material, which are highly permeable aquifer systems. The high per
meabilities allow for rapid infiltration, but also rapid exfiltration which 
makes contemporary climate a dominating force controlling water 
availability (Vacher, 1988). Pumping further exacerbates water avail
ability via up-coning causing saltwater intrusion. Future climate 
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projections show that precipitation and for ET variability and magnitude 
will shift, and thus small island freshwater stores remain some of the 
most vulnerable to climate change. 

In the Bahamas, freshwater resources are already limited and 
stressed (Roebuck et al., 2004; Diamond and Melesse, 2016) therefore, 
changes to the primary controls on freshwater availability further 
exacerbate local water shortages. Over 80% of residents in the Bahamas 
rely on groundwater pumping from the local freshwater lens while some 
islands rely on water barged from islands with ample freshwater (e.g. 
Andros to New Providence) (Roebuck et al., 2004). Therefore, re
ductions of freshwater stores would have far reaching consequences 
beyond a single island. The Bahamas is particularly vulnerable as most 
of the island chain is comprised of low-lying carbonates where the 
freshwater lens is close to the surface, making it susceptible to 
contamination (Westcoat & White, 2008). More persistent and perma
nent changes to the climate will only exacerbate any existing water 
resource shortages, driving changes in hydrologic and economic 
sustainability. 

Herein, we examine the spatial and temporal changes in freshwater 
availability across the Bahamian Archipelago using satellite derived 
precipitation, temperature and evapotranspiration to analyze water 
budget changes and seasonal shifts in climate parameters. for actual 
Evapotranspiration (ETa) changes are compared to global ETa and land 
surface temperatures to characterize how key variables in Bahamian 
water resources are changing with respect to the global averages. 

2. Methods 

2.1. Site characteristics and selection 

The Bahamian Archipelago contains over 700 islands ranging in 
length from a few to over 100 km. These islands comprise greater than 
3000 km2 of low-lying carbonate islands, which are susceptible to 
abrupt declines in freshwater resources seasonally and from hydrologi
cal drought conditions (Bailey et al., 2014). 

The Bahamian Archipelago was divided into three regions: north, 
central and south (Fig. 1). The regional division is based on the estab
lished climate gradient, differences in observed vegetation, and each 
regional island’s impact from continental fronts and ocean currents 
(Whitaker and Smart 1997). The northern region, including Grand 
Bahama and Abaco, historically received greater rainfall than the rest of 
The Bahamas with averages of about 1300–1400 mm/yr (Roebuck et al., 
2004). The higher rainfall can cause islands with traditionally negative 
water budgets to have positive annual water budgets when hurricanes 
and large storms pass over the islands. The defined delineation between 
north and central Bahamas is somewhat arbitrary due to lack of long- 
term data for many out-islands. However, a delineation was made 
based on historical approximations to water budgets throughout the 
island chain (Whitaker and Smart, 1997) along with vegetation and 
ocean current effects. Vegetation on New Providence and Andros are 
similar to that of Grand Bahama and Abaco, however rainfall is much 
closer to that of more southerly islands and potential ET on New Prov
idence has been estimated to be up to 1500 mm/yr. These values make 
the water budget consistently more negative, which we characterized as 
representing the central islands. Rainfall on islands in the central region 
average around 1100 mm/yr. The southern islands, including Great 

Fig. 1. Location of Bahamian Archipelago in the Caribbean. Figure includes climate gradient (PET and precipitation), as well as identifying select islands and 
delineations for analysis. Climate gradient for precipitation (isolines) are shown as well as potential ET in the north and south. 
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Inagua, Mayaguana and Crooked Island have consistent negative water 
budgets with historically high potential ET upwards of 1500 mm/year 
and rainfall on average of around 750 mm/yr ensuring these islands 
almost always have a negative water budget. 

3. Data descriptions 

3.1. Precipitation and temperature 

Monthly cumulative precipitation and maximum and minimum 
temperatures were obtained via Google Earth Engine (GEE) from the 
TerraClimate dataset (http://www.climatologylab.org/terraclimate. 
html) (Abatzoglou et al., 2018). The TerraClimate is an merged 
climate dataset compiled using WorldClim Version 2 (V2) global 
monthly climate normals which is converted to a monthly timeseries 
using the Japanese 55-year Reanalysis Product (JRA-55) and Climate 
Research Unit 4.0 (CRU4.0) gridded data. WorldClim V2 data is a 
gridded climate dataset that uses remotely sensed Moderate Resolution 
Infrared Spectroradiometer (MODIS) land surface temperature (max and 
min) and cloud cover to spatially interpolate climate variables between 
ground-based climate stations producing a 0.05◦ (~4.65 km) spatial 
resolution grided dataset. To produce time series climate products from 
the WorldClim V2 monthly normals, the JRA-55 and CRU4.0 gridded 
datasets are used to climatologically interpolate WorldClim V2 climate 
normals to time series using monthly climate anomalies. The use of two 
separate datasets for temporal expansion is done to gain complete global 
coverage, as CRU4.0 does not include island states or Antarctica. The 
resulting TerraClimate dataset is a monthly time series of climate vari
ables that includes cumulative precipitation, maximum and minimum 
temperatures, along with average solar radiation, vapor pressure and 
wind speed. The combination of data from these sources that make use 
of ground-based climate stations and satellite products make the Ter
raClimate dataset a robust time series that has been rigorously validated 
and shown to perform exceptionally well (Abatzoglou et al., 2018). 

3.2. Evapotranspiration 

Monthly total actual ET (ETa) was retrieved via GEE from the results 
of the Penman-Monteith-Leuning Version 2 (PML_V2) terrestrial ET 
model. The PML_V2 ET model generates a 500 m, 8-day resolution 
product that partitions the different components of ET including canopy 
interception, transpiration from plants, soil evaporation and direct 
evaporation of water. The utility of the partitioning of ETa allows hy
drologists to analyze which parts of ET are experiencing changes, which 
can help determine causes of ETa shifts (i.e. land use changes, soil 
storage changes, water availability, etc). 

PML_V2 estimates ETa components globally using a combination of 
reanalysis data (temperature, wind speed, vapor pressure, solar radia
tion and relative humidity) from the Global Land Data Assimilation 
System (GLDAS) Version 2.1 and satellite products MODIS Leaf Area 
Index (LAI), shortwave albedo and emissivity. These data are used to 
estimate the parameters of the Penman-Monteith-Leuning ET model 
which is a modified version of the Penman-Monteith equation that in
cludes an additional surface conductance model (Leuning et al., 2015). 

The ETa results of the PML_V2 model have been validated using in 
situ eddy covariance flux tower measurements across a wide variety of 
landscapes including tropical forests which are common in the Bahamas; 
particularly south of Abaco (Henry, 1974). Validation of the individual 
components of ET involved checking the data to other satellite derived 
products and field experiments. The PML_V2 model is entirely driven by 
data that can be obtained via GEE. We therefore selected the PML_V2 
model because it was a more robust and rigorously validated ETa data
set, which was preferred. Further information about calibration and 
validation of the PML_V2 model can be found in Zhang et al. (2019). 

TerraClimate also provides an ETa product, however, ETa from Ter
raClimate has not been as rigorously validated and, where it was 

validated, performance was poorer than other products (Abatzoglou 
et al., 2018). Therefore, we sought to obtain ETa from a different product 
(PML_V2 model) with more robust validation and better performance. 

3.3. Data acquisition 

The most recent TerraClimate dataset contains monthly cumulative 
precipitation and monthly maximum and minimum temperatures 
available from 1960 to 2017, but ETa from PML_V2 was only available 
from 1/2002–1/2017. Therefore, all variables (precipitation, tempera
tures and ETa) were analyzed for water budget analyses from the time
frame between 1/2002–1/2017 (n = 16 full years, 204 months). 
However, validation of precipitation and temperatures along with 
change point detection utilized the whole time period (1960–2017) 
available from TerraClimate dataset which was compared to available 
ground based climate data (see Data Validation hereafter). Data acqui
sition involved all variables - monthly values of cumulative precipita
tion, maximum and minimum temperatures, ETa - averaged over each 
region using GEE to produce the regional value. Averaging over each 
region (north, central, south) was done by outlining the regions within 
GEE using polygons and taking the mathematical averages of the pixels 
in each region that contained land. 

3.4. Data validation 

Though the previous datasets (TerraClimate and PML_V2) have been 
externally validated, internal validation was performed to ensure that no 
unreasonable or extreme values were obtained which would affect 
analysis. 

We evaluated the performance of the TerrraClimate precipitation 
and maximum and minimum temperatures by comparing it to observed 
data where available. We obtained precipitation and maximum and 
minimum temperature data from a collection of sources (Table 1) 
including www.climate-data.org for available islands, literature sources 
(Whitaker and Smart, 1997), and Bahamas Meteorological Ministry 
(email). 

For each region, the observed precipitation and minimum and 
maximum temperature data were averaged over the islands that fell 
within each region and compared to the TerraClimate variables. All data 
were compared as annual averages, as these were the easiest to obtain 
observed values for a larger set of islands. Data that was not retrieved as 
annual averages were aggregated to annual values. 

Validation of ETa was not directly comparable as no direct estimates 
of ETa have been made available on the islands; only potential ET has 
been estimated. However, upon comparisons of climate gradients of 
potential ET established by previous researchers (Whitaker and Smart, 
1997; Martin et al., 2012), the ETa values obtained were less than po
tential ET values reported, which was the best validation that could 
currently be achieved. 

Table 1 
Data source description for validation. BMM = Bahamas Meteorological Min
istry, CD = climate-data.org, L = literature source, Whitaker and Smart, 1997.  

REGION ISLAND SOURCE TIMEFRAME 

NORTH Grand Bahama BMM 1985–2015 
Abaco CD/L 1990-Present 

CENTRAL New Providence BMM 1985–2015 
San Salvador BMM/Local Weather station 1985-Present 
Long Island CD 1990-Present 
Exuma BMM 1985–2015 

SOUTH Mayaguana BMM 1985–2015 
Great Iguana BMM 1985–2017 
Crooked Island CD/L 1990-Present  
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3.5. Data analysis 

3.5.1. Detecting trends and underlying structure 
Trends in time series were determined using Locally Weighted Esti

mated Scatterplot Smoothing (LOWESS) which is a common local 
regression technique employed to smooth data and emphasize under
lying structure in time series (Moran, 1984; Hirsch et al., 1991). LOW
ESS involves fitting low order polynomials (typically linear or quadratic) 
to continuous, windowed subsets of the data whereby at each point in 
time is estimated using robust weighted least squares regression 
(Equation (1)). 

ŷi = b0 + b1xi + b2x2
i (1) 

Parameter estimates {b0, b1, b2} are performed using weighted least 
squares fitting methods whereby the weighted (w(d)) sum of squared 
residuals ((yi − ŷi)

2
) on the windowed data ( −k, k) is minimized (Eq. 

(2)). 
∑n

−k,k
w(d)(yi − ŷi)

2 (2) 

The weighting function initially applied is tri-cubic (Eq. (3a)), 
however if there are any large residuals that would be considered out
liers, a bi-cubic weighting function (Eq. (3b)) is applied and the local fit 
is repeated. 

w(d) =

{
(1 − |d|

3
)

3 for 0 ⩽ |d| < 1
0 otherwise

}

(3a)  

w(d) =

{
(1 − |d|

2
)

2 for 0 ⩽ |d| < 1
0 otherwise

}

(3b)  

d =
(x0 − xi)

max(|x0 − xi|)
(3c) 

The degree of windowing allows for estimation of d (Eq. (3c)), where 
a fraction of the dataset is contained within each window (integer(k = αn 
+ 0.5)) and used for local fitting. The span (α) of the window is initially 
set through either a trial and error approach, informed selection or 
simulation. Herein, because of the small sample size (<30), simulations 
were performed that used a robust Akaike Information Criteria (AIC) to 
determine the optimal weighted smoothing parameter α for each region 
(Sharma et al., 2015). Estimation of α involved simulating 500 re
alizations spanning an α range uniformly distributed from 0.01 to 1 and 
calculating the AIC for each simulation. The smallest AIC was used to 
determine the appropriate α value for each of the three regions. 

LOWESS trends are particularly useful in smaller sample sizes as they 
can emphasize structure and trends that ordinarily are not picked up 
within a statistical test that relies on variance for a small sample (Hirsch 
et al., 1991). The drawback to LOWESS in small samples is it can 
highlight structure that may be well within the bounds of the natural 
variability of the dataset. Therefore, careful weighting and interpreta
tion is needed when assessing the significance of the result. 

3.5.2. Detection of change points in seasonal values 
Detection of seasonal shifts in ET were done using seasonal precipi

tation and ET sums and change point analysis of the mean for the 
developed time series. Monthly ET was summed for the established, 
contemporary wet (June-November) and dry (December–May) seasons 
(Cant and Weech 1976; Whitaker and Smart 1997; van Hengstrum et al., 
2016) to create a time series of wet and dry season values from 2002 to 
2017 (n = 16). 

To determine when statistically significant changes in ET occurred 
during each season, change points where detected using sequential 
Mann-Kendall (seqMK) trend test at the 5% significance level. The 
seqMK test is specifically used to estimate abrupt changes in the mean of 
time series. The seqMK is an extension of Mann-Kendall trend test which 
is used to detect monotonic trends in data whereby the seqMK test ex

tends those same methods, determining the breakpoint when that 
monotonic trend occurs. The analysis is done by using both a progressive 
(u(t)) and regressive (u’(t)) analysis of the time series, whereby when 
the progressive and regressive series cross each other and then diverge 
beyond a threshold, a change point occurs. Each series, u(t) and u′(t), are 
standardized with a zero mean and unit standard deviation. To set up the 
progressive and regressive series, first the magnitudes of xj annual mean 
time series (j = 1, …, n) are compared with xk, k = 1, …, j − 1). The 
number of cases where xj > xk is counted and denoted by nj at each 
comparison. The test statistic is given in Eq. (4) and the mean and 
variance of the test statistic in Eqs. (5) and (6) respectively. 

tj =
∑j

1
nj (4)  

E[tj] =
j(j − 1)

4
(5)  

Var[tj] =
j(j − 1)(2j + 5)

72
(6) 

The sequential values of the progressive series are calculated using 
Eq. (7). 

u(t) =
tj − E[tj]

̅̅̅̅̅̅̅̅̅̅̅̅̅
Var[tj]

√ (7) 

The same methods are used to setup the regressive series, u\\\(t), 
and both are compared (plotted) and values that are equal at time (t) and 
subsequently diverge at a threshold exceeding the confidence level of 
+/ −1.96 (α = 0.05) are significant change points. 

Because the seqMK does a sequencing of progressive (forward) and 
regressive (backward) series, multiple change points may be detected 
and for the purposes herein, the most significant change point in terms 
of magnitude of change was selected as the change point of interest. 

Using the years established as a change point in the ET dataset, the 
precipitation data were split at that change point and significant dif
ferences in the mean in precipitation before and after were tested using 
the Welch’s t-test with unequal variances at α = 0.05 significance level. 
Because the dataset for comparison of means would be small (yearly 
sums for each season at n = 15), the power of the test would be low 
indicating that the probability of finding a statistically significant result. 
Therefore, to complement the results of the t-test, LOWESS trends were 
also performed on each data series to help validate the results. 

3.5.3. Comparison to global temperature anomalies and ET changes 
The changes in ETa within each region and across the Bahamas were 

compared to changes in global land surface temperatures (gLST’s) and 
global ETa changes. gLST’s are used to monitor changing land cover 
dynamics as well as overall water budget and ecological stresses. gLST’s 
record how incoming solar radiation interacts with the land surface, 
making it a reliable indicator of energy changes at the land surface- 
atmosphere boundary and a key variable in ETa estimation (Oliviera- 
Guerra et al., 2017). gLST’s monitor overall changing global dynamics 
thus taking the pulse of global climate change and have been tracked for 
a much larger time frame than global ETa. 

We obtained gLST anomalies from NASA’s Near Earth Observatory 
(NEO) data repository (https://neo.sci.gsfc.nasa.gov/). The original 
gLST’s are recorded at 8-day, 500 m spatial resolution from MODIS 
aboard NASA’s Terra satellite. The climatology used to produce the gLST 
anomalies is the baseline period from 2001 to 2010. 

Because of a lack of long-term record of ETa, ETa across the Bahamas 
was compared both to gLST’s and the global ETa data that was available. 
To estimate ETa anomalies, the baseline ETa was taken to be the average 
for the dataset from 2002 to 2010 as it most directly compared to the 
timeframe of gLST anomaly baseline. The same smoothing technique 
using LOWESS was employed as in previous analyses. The comparison of 
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local ETa to both global ETa and gLST’s gives a comparative approxi
mation of changes at local and regional scales. 

4. Results 

4.1. Data validation and description 

Climate variables for the available time periods matched well with 
observed historical data (Figs. 2 and 3). Estimated annual precipitation 
was 1339 mm/yr from the TerraClimate precipitation dataset which is 
slightly less than annual averages of 1500 mm/yr for Grand Bahama and 
Andros. The discrepancy is likely due to a few factors. First, intense 
hurricane rainfall may not have been captured in the TerraClimate data. 
Second, the northern island delineation also consisted of the Berry 
Islands which is closer to New Providence which receives about 1200 
mm/yr and thus, the inclusion of these islands into the northern 
Bahamas regional delineation could drive the annual average down. 
Years where hurricanes pass over the islands can significantly increase 
overall precipitation which drives up annual averages over 1500 mm/yr. 
For example, in 2019, Dorian passed over the northern Bahamas (Andros 
and Grand Bahama) and resulted in an additional 900 + mm of rainfall 
in 4 days, significantly driving up annual totals (weather.com). Average 
annual precipitation totals for the central Bahamas were also well 
matched, falling within the ranges of reported precipitation values for 
the islands included in the central delineation (Table 2). Average annual 
precipitation was estimated to be 813 mm/yr for the south islands which 
include Inagua and Mayaguana where average annual precipitation is 
reported to be roughly 750–800 mm/yr. The inclusion of some more 
northerly islands such as Crooked Island and Cat Island in the southern 
delineation could slightly increase the average annual totals. Maximum 
and minimum temperatures for the northern, central, southern and 
overall Bahamas were relatively well matched to observed tempera
tures, with some slight deviations due to the selected delineations. 

4.2. Spatial and temporal water budget changes 

Seasonal change point detection using the seqMK test showed sig
nificant upward change points in ETa for most regions and across the 
Bahamas in both wet and dry seasons except for the south in the wet 
season (Table 3). The change points occurred around 2008–2009 for the 
wet season and from 2009 to 2013 for the dry season. All changes are 
amplified by the LOWESS lines which show a continuous increase in ETa 
for the central Bahamas in both wet and dry seasons (Fig. 4). Slight dips 
are observed in the beginning of the series in the LOWESS line likely as a 
function of the small sample size. 

LOWESS lines and overall volumes of precipitation (Fig. 4) indicate 
some upward and downward trends within each season. It should be 
noted that the average annual calculations for the pre-change point 
precipitation considered all years from 1960 up until the change point. 
Though no significant change occurred outside the range of variability 
for the data, any decreasing or increasing trends within the dataset can 
make a significant difference in the amount of available water for the 
season and ultimately the water year. Significant trends mostly occur in 
the central and southern Bahamas, where in the wet season, decreases in 
precipitation have been occurring while ETa increases, which is likely 
temperature driven. This opposite trend is seen in the dry season where 
slight increases in precipitation are observed with coincident increases 
in ETa, which is likely driven by increases in water availability. All ETa 
increases were due to evaporation from water surfaces for all regions 
with some statistically significant increases in canopy evaporation for 
the wet and dry seasons for all regions except the south during the wet 
season (Fig. 5). The largest increases were observed in water evapora
tion where with minimal increases in canopy evaporation. No statisti
cally significant changes were seen in evaporation from soil and 
transpiration in any region. 

Overall yearly water availability showed initial reductions but 
remained stable for the northern and southern Bahamas, but steady 
declines were observed for the central region (Fig. 6). Though annual 
water budgets can mask the timing of recharge (see Discussion), they 

Fig. 2. Regional TerraClimate annual precipitation time series data vs. observed regional long-term average annual precipitation comparisons. Long- term observed 
regional average value in upper right-hand corner and also plotted as a horizontal line. 
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provide a good indication of overall water availability and thus, are 
commonly used as indicators of overall island aridity (Vacher and Wallis 
1992). The annual P-ET values show a significant uptick in 2007 for the 

central and southern Bahamas, which came from a particularly devas
tating tropical system (Noel) that passed slowly over this region of the 
archipelago. Noel likely added an additional 400 mm of rain for that 

Fig. 3. Regional TerraClimate annual maximum and minimum temperature time series data vs. observed regional long-term average maximum and minimum 
temperatures comparisons. Long- term observed regional average value in upper right-hand corner and also plotted as a horizontal line. 

Table 2 
Statistics of satellite derived datasets.   

P Minimum Temperature Maximum Temperature ET 

REGION Max 
(mm/ 
yr) 

Min 
(mm/ 
yr) 

Average 
(mm/yr) 

Max 
(C) 

Min 
(C) 

Average 
(C) 

Max 
(C) 

Min 
(C) 

Average 
(C) 

Max 
(mm/ 
yr) 

Min 
(mm/ 
yr) 

Average 
(mm/yr) 

Change 
Point 
(Wet) 

Change 
Point (Dry) 

NORTH 1840 955 1339 22 19 21 29 26 27 1373 1189 1272 2008 2009 
CENTRAL 1465 821 1106 23 20 21 29 27 28 1191 926 1064 2009 2011 
SOUTH 1372 217 816 23 21 22 30 28 29 1322 1214 1271 2007 2013 
ALL 1559 664 1087 23 20 21 29 27 28 1295 1110 1202 2009 2010  

Table 3 
Wet and dry season changes in Precipitation and overall actual ET and significance of change from t-test.  

PRECIPITATION  

WET DRY 

REGION BCP (mm) ACP (mm) p-value % CHANGE BCP (mm) ACP (mm) p-value % CHANGE 

NORTH 918.86 898.95 0.40 −2.17% 417.69 451.91 0.64 8.19% 
CENTRAL 783.26 747.69 0.84 −4.54% 328.54 336.09 0.27 2.30% 
SOUTH 489.25  – – 331.04 298.55 0.00 −9.81% 
ALL 772.84 745.28 0.57 −3.57% 353.33 371.76 0.37 5.22%  

ET  

WET DRY 

REGION BCP (mm) ACP (mm) p-value % CHANGE BCP (mm) ACP (mm) p-value % CHANGE 

NORTH 793.77 871.60 0.01 9.80% 660.39 696.20 0.00 5.42% 
CENTRAL 689.59 789.64 0.00 14.51% 469.33 562.63 0.00 19.88% 
SOUTH 829.79  – – 683.63 713.89 0.00 4.43% 
ALL 720.78 808.10 0.00 12.11% 523.00 594.56 0.00 13.68%  
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year, which may have influenced the LOWESS trend lines resulting in 
upticks followed by downward trends in the central Bahamas. However, 
even removing the rainfall amount contributed by Noel in 2007, the 
central portion of the Bahamas would have still had a more positive 
water balance than in recent years. 

4.3. Bahamian ETa trends relative to global anomalies 

Trends in ETa across the Bahamas match or exceed rates of global ETa 
(Fig. 7). ETa across the whole Bahamas, specifically the northern and 
southern regions, are similar to the rate of global increases in ETa. The 
central region, however, shows increasing ETa higher than global rates. 
Global ETa trends also show a breakpoint around 2009, which is coin
cident with dry season increases in ETa for the Bahamas which saw 
significant ETa increases between 2008 and 2009 followed by increases 
in ETa during the dry season around 2010. The comparison of ETa 
changes with respect to gLST’s indicates that increases in ETa is not 
entirely temperature driven, but likely due to shifts in precipitation 
patterns which can drive higher or lower ETa depending on water 

availability changes. 

5. Discussion 

Young carbonate platforms that form The Bahamian Archipelago are 
characterized by high matrix porosity and permeability because it has 
not yet undergone significant diagenetic processes (Ford and Williams, 
2013; Gulley et al., 2013). The high permeability of the Bahamian 
Islands accelerates rainfall infiltration at the land surface causing a lack 
of surface water, with the exception of blue holes or topographically low 
surface areas that are filled with water from raised water tables that are 
influenced by sea level fluctuations (Martin et al., 2013; Gulley et al. 
2012). The lakes that exist are typically brackish to hypersaline waters 
due to high potential ET rates exceeding rainfall (Whitaker and Smart, 
2007; Vacher and Wallis, 1992). Along with limited surface waters, the 
lack of surface drainage and little to negligible runoff to depressional 
lakes supports using P-ET as an approximation of effective recharge in 
the water budget which has been assumed by other water resource 
studies in the region (Vacher and Wallis, 1992; Gulley et al., 2016). 

Fig. 4. Seasonal time series of precipitation and total evapotranspiration (ETa) for established (A) wet and (B) dry seasons. LOWESS line indicates trend of decreasing 
or increasing patterns in each pre-defined season and associated vertical line denotes year when change point was detected for the ETa data series. 

Fig. 5. Seasonal shifts in components of ETa for established (A) wet and (B) dry seasons. Vertical line denotes year change point was detected (if significant) in the 
overall ETa data series (change point same as Fig. 4). 
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Current and historical periods of increasing aridity in the Bahamas 
have been noted and likely are a result of changes in ocean and atmo
spheric circulation. One of the more intense historical hydrological 
droughts occurred in the Holocene between 3300 and 2500 years B.P. 
The Holocene drought was marked by significant changes in water 
budgets in the northern Bahamas as evidenced from lake cores in Abaco 
(van Hengstrum et al., 2016). Increases in marine tolerant ostracodes 
were observed which would have coincided with increases in salinity. 

The drought was likely caused by decreasing precipitation due to a 
southward or westward expansion of the North Atlantic Subtropical 
High (NASH) as a result of southern Intertropical Convergence Zone 
(ITCZ) displacement. Modern analogues validate this claim, as the 
Yucatan experiences a climate gradient that has been definitively linked 
to displacement of the ITCZ on seasonal and decadal time scales. 
Furthermore, recent Caribbean dry period from 1979 to 1989 was pre
ceded by intensification of the NASH. Our contemporary analysis of 

Fig. 6. Annual water availability (P-ET) trends across the Bahamas.  

Fig. 7. ET anomaly (ET – mean ET) trends vs. global anomaly in global land surface temperatures (gLST).  
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increasing drought conditions mirrors results showing increasing aridity 
between 2013 and 2016 spanning over Cuba and the Antilles (Herrera 
et al. 2016). Our results confirm that a drought is indeed occurring, 
though our changes to aridity were slightly earlier than 2013. 

As global warming intensifies, changing atmospheric and subsequent 
ocean circulation will continue to change (Wattmeier and Friarson, 
2018). Amplified warming in the upper tropical troposphere can cause 
temperature gradients to increase from equator to pole, resulting in 
Hadley cell edge expansion. The Hadley cell expansion causes alter
ations to the ITCZ which may cause disruptions in water budgets across 
the Bahamian Archipelago. A small shift in the ITCZ northward could 
cause an increase in precipitation and hurricane development within the 
Bahamian Archipelago. However, a large shift northward of the ITCZ 
can cause the zone of regional subsistence to change and cause a 
decrease in precipitation along the entire Bahamian Archipelago, 
causing the area to trend towards an increasingly arid climate. Because 
the Bahamas, particularly the north, are close to the contemporary edge 
of the Hadley Cell, it is likely more sensitive to changes in Hadley Cell 
circulation then elsewhere along the Caribbean. With the warming of 
the subtropical landmasses seen in the early Holocene, and possibly in 
the future with anthropogenic forced warming, the ITCZ could be drawn 
even more northward than seen in the recent past, impacting the 
evaporation-precipitation balance of the Archipelago (Arbuszewski 
et al., 2013). 

As continental fronts across North America increase in intensity and 
change in their frequency, changes in water budgets may result that we 
cannot anticipate. The Bahamian Archipelago being the closest of the 
Caribbean Islands to the subtropical jet stream, are more impacted by 
the variation of the El Niño-Southern Oscillation (ENSO) moreso than 
the North Atlantic Oscillation (NAO) which impact lower latitudes of the 
Caribbean (Jury et al., 2007). During El Niño, or warm phase of ENSO, 
the subtropical jet stream strengthens and shifts south in the Atlantic 
and overall Atlantic hurricane activity is reduced (Gray, 1984). During 
La Niña, or cold phases of ENSO, along with neutral ENSO phases, the 
opposite occurs and overall hurricane activity, and precipitation will be 
increased in the Atlantic (O’Brien et al., 1996). These hurricanes and 
precipitation patterns will be more impacted by the onset of a new ENSO 
phase in October, than the decaying of a previous phase (Tartaglione 
et al., 2003). The predictability of ENSO phases has improved substan
tially, and the predictability of the precipitation in North America dur
ing the hemispherical winter will be linked to the current ENSO phase, 
but the influences of different phases will be non-linear, and predicted 
patterns may not be precisely reflected in actual precipitation patterns 
(Li et al., 2019). The impact of ENSO is often limited to locations found 
closer to the northern edge of the Hadley cell and therefore the sub
tropical jet streams (Jury et al., 2007). Thus, further analysis of other 
extremes and climatic shifts in other island settings would be warranted. 

The seasonal shift in precipitation from wet to dry season and 
consistent increase in ETa provide insight into how overall yearly water 
availability is changing and driving increasing aridity. Most recharge to 
the freshwater lens occurs during the wet season when intense and 
steady rainfalls drive infiltration after an island specific recharge 
threshold (Little et al., 1973; Budd 1984; Jones and Banner 2003); 
though rapid infiltration through roots and solution holes occur during 
most rainfall events (Mylroie and Carew 1995). During the dry season, 
rains are shorter and less intense which does not drive as much recharge 
into the freshwater lens, leaving water to pond on the surface longer, 
whereby much of the water can be evaporated. ETa is also lower than in 
dry season months primarily due to cooler temperatures. The slight shift 
in precipitation seasonality coupled with an overall downward trend 
when accounting for hurricanes (Roebuck et al., 2004) simultaneous 
with increasing ETa suggest that water resource availability is on a 
negative trajectory. 

The significance of increased evaporation directly from water also 
has implications for the freshwater lens dynamics and viability (Gulley 
et al., 2016). Lakes, blue holes and wetlands on The Bahamas are 

persistent features of the karst landscape, segmenting the freshwater 
lens creating hydraulic lows that focus freshwater gradients (Martin 
et al., 2012). As increases in water evaporation occur from these lakes, 
further thinning and segmentation of the freshwater lens occurs, driving 
more brackish aquifer conditions and depleting water resource faster 
than sea level rise. The impacts of freshwater lens volume as a function 
of evapotranspiration have shown that the depletion of freshwater lens 
stores is a linear function of ETa and thus, increases in ETa directly affect 
existing freshwater stores. Thus, freshwater depletion is not only a 
function of reduced water availability, but also from direct evaporation 
from the freshwater lens that occurs more readily (Gulley et al., 2016). 
Therefore, increasing aridity not only reduces incoming available water, 
but also more rapidly depletes existing freshwater. 

Though definitively linking the change in water budgets through the 
Bahamas to anthropogenic causes is difficult given limited data to esti
mate long-term, ETa from the islands, analyzing both global ETa and 
gLST anomalies in comparison with local averages across The Bahamas 
gives some insight into a potential link. Previous comparisons with 
contemporary episodes of aridity in the Bahamas illustrate that the 
current trends may be more consequential as evidenced by increasing 
temperatures locally and globally (Fig. 7). However, in regions where 
shifting ocean currents and sea surface temperatures have a profound 
impact on climate from year to year such as The Bahamas, these areas 
may experience exacerbated effects as ocean currents temper variability 
in land surface and air temperatures, resulting in compound heating 
effects. The increasing ETa trend in some areas of the Bahamas, partic
ularly the central region, observed in the last decade shows a rate that 
may be greater than global averages. This indicates depletion of fresh
water stores may occur more rapidly in small islands requiring more 
focus on changing water budget components. 

Though ETa and precipitation generated using satellite data at the 
regional scale has been shown to be reliable, analyzing island scale 
water budgets inherently produces greater uncertainty. We aggregated 
regional data to produce regional analysis of water budgets based on 
climatic gradients and land surface dynamics, however each island 
would be unique and have its own singular water management issues. 
Therefore, further analyses on water budgets at the island scale should 
consider ground truthing ETa and precipitation, as necessary. 

6. Conclusions 

We used satellite guided reanalysis precipitation and satellite 
derived ETa to analyze trends in P-ET which is a fundamental control on 
island freshwater stores. We found that increases in ETa are a result of 
increases in temperature, but also likely due to shifting precipitation 
which increases in water availability. As climate change in The Bahamas 
is historically been related to changes in Hadley Cell circulation pat
terns, recent evidence suggests this could be a cause of aridity changes. 
Furthermore, it was shown that ETa throughout The Bahamian Archi
pelago chain is increasing at a rate higher than global average ETa, 
which may put the islands at a greater risk for water sustainability when 
compared to continental settings which are less influenced by ocean 
currents and marine conditions. As tropical islands have a more 
tempered climate, baseline land surface and water temperatures which 
affect ETa rates are not as variable and could therefore be a cause of 
exacerbated ETa in these island states. 

Key findings  

• Consistent with global trends, ET is increasing across the Bahamas 
but at a higher rate, particularly the central and southern regions 

• Cause of increasing ET are likely driven by both increases in tem
perature and an increase in precipitation in the dry season and 
reduction of precipitation in the wet season, reducing water avail
able for recharge, increasing overall water available for ET  

• Majority of increases in ET are due to direct water evaporation, 
which has implications for freshwater lens thinning 
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