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Abstract: Considerable disagreement exists regarding the definition of drought. However, it is widely accepted that drought is a 
natural phenomenon caused mainly by a sustained below-average precipitation and high evapotranspiration over a 
large area. This prolonged water deficiency is propagated through the surface and groundwater systems. Since 
groundwater is the main reliable water resource in semi-arid areas, it is of interest to investigate the depletion of an 
aquifer under pumping, caused by the natural decrease in the recharge due to drought. In this study, a large-scale 
groundwater model is developed in an aquifer of Rhodes Island (Greece) to examine its response to drought. The 
water table decrement and the seawater intrusion extend influence the fresh water volume, which is used as indicator 
for the coastal aquifer condition. This indicator is calculated based on a transient variable-density groundwater flow 
model, using SEAWAT numerical code. The pumping rates are selected to cover the actual consumption needs of the 
study area. The recharge volumes, which are used as input to the seawater intrusion model, are calculated by the 
Medbasin-M monthly hydrological model. The Reconnaissance Drought Index (RDI), which incorporates 
precipitation and potential evapotranspiration, both affecting the infiltration and recharge processes, is used to assess 
meteorological drought severity. The principal objective of the study is to relate the meteorological drought to the 
available water volumes at a temporal scale. Based on the results, the proposed approach seems to provide an 
adequate estimation of groundwater response to drought, using 6, 9 and 12-month reference periods. 
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1. INTRODUCTION  

The impact of meteorological drought on water resources has been increasingly studied, given 
the persistent/seasonal patterns of water scarcity in many parts of the world (Mishra and Singh, 
2011). Therefore, the understanding of hydrological drought propagation constitutes a challenging 
topic, particularly for the groundwater component, which is globally less monitored and controlled 
than surface waters (Famiglieti, 2014). In general, groundwater hydrological variables are expected 
to exhibit a rather slow response to climatic driving forces, such as those encountered during a 
drought event (Van Loon, 2015). This ‘silent’ reception of meteorological droughts by subsurface 
water systems draw less attention in the past, but during the last decade various researchers started 
to investigate spatial or temporal patterns of groundwater droughts based on hydrological variables, 
such as recharge/discharge, hydraulics heads and baseflow (Tsakiris et al., 2013). 

Although groundwater systems are considered to be a resilient source of freshwater, the 
overexploitation of aquifers in several parts of the world has resulted in a persistent groundwater 
level decline (Konikow and Kendy, 2005). In addition, groundwater response to drought conditions 
is challenged by the abstraction schemes, which may either intensify or even initiate groundwater 
droughts (Mishra and Singh, 2010). This is particularly evident in the case of semi-arid and arid 
coastal areas, where groundwater is typically the only available source of freshwater. Nevertheless, 
the contribution of groundwater abstraction on hydrological drought is poorly studied, despite that 
groundwater resources have been widely exploited around the world within a multipurpose demand 
framework of municipal, agricultural and industrial uses. 
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Recently, Kopsiaftis et al. (2017) proposed an approach linking meteorological drought with its 
effects on groundwater, which was evaluated for a coastal aquifer, with typical characteristics of a 
semi-arid Mediterranean island. However, in the above application no pumping was considered and 
a hypothetical aquifer was used. In this study, a similar approach is evaluated in an aquifer of 
Rhodes Island (Greece), taking also into account the typical pumping rates of the region. 

2. MATERIALS AND METHODS 

2.1 Drought characterisation and hydrological models 

The characterisation of meteorological drought is achieved through the Reconnaissance Drought 
Index (RDI). RDI incorporates precipitation and potential evapotranspiration, which both affect the 
infiltration and recharge processes, therefore is considered appropriate to be used as a link between 
meteorological drought and groundwater (Kopsiaftis et al., 2017). 

The RDI is based on the ratio of the cumulative precipitation (P) to the cumulative potential 
evapotranspiration (PET) for a specified reference period of k months, which forms the alpha (α) 
value of the index (Tsakiris et al., 2007): 
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The α value is then standardised using an appropriate statistical distribution, resulting at a 
region-independent index (RDIst), for which positive values indicate wet periods, while negative 
values indicate dry periods (Tsakiris et al., 2008). DrinC software (Tigkas et al., 2013, 2015) is used 
for the calculation of RDI. 

The hydrological processes and the surface water interactions are described in this study using 
the monthly-basis Medbasin-M rainfall-runoff model, included in Medbasin software (Tigkas and 
Tsakiris, 2004). Medbasin-M is a conceptual water balance model, based on the assumption that the 
water storage in the catchment takes place only into the upper soil zone. The main parameters of the 
model are the total soil storage capacity (Smax) and the deep percolation coefficient (K), while a 
third parameter (a) can be used for adjusting the monthly runoff distribution (Giakoumakis et al., 
2015; Tigkas et al., 2012). The model is employed for the calculation of deep percolation, which is 
then used as the recharge value for the groundwater model. 

The seawater intrusion is simulated using the variable density approach. Variable density (VD) 
models are based on the concept that two miscible fluids of different density (freshwater and 
seawater) are mixed due to dispersion mechanism. A transition zone of variable density is then 
formed between the two fluids. VD models describe seawater intrusion using a coupled differential 
equation system and specifically the mass balance equation and the solute transport equation. The 
first one could be expressed as (Guo and Langevin, 2002): 
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in which ρ is the fluid density q is the specific discharge vector, ρs is the density of water entering 
from a source or leaving through a sink, qs is the volumetric flow rate per unit volume of porous 
medium representing sources and sinks, Sf is the specific storage, hf is the freshwater head, n is 
porosity and C is the solute concentration. 
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The solute transport equation is expressed as follows: 
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in which D is the hydrodynamic dispersion tensor, v is the fluid velocity vector and Cs is the solute 
concentration of water entering or leaving through sources and sinks, respectively. It should be 
noted that no solute reactions are considered, while viscosity changes or thermal effects are 
considered negligible.  

In order to solve the coupled differential equation system described above, the Darcy equations 
are required, formulated as follows:  
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in which qx, qy, qz are the specific discharge components in the principal directions, Kfx, Kfy, Kfz are 
the freshwater hydraulic conductivity components in the same directions, and ρf is the freshwater 
density.  

The relation between water density and solute concentration is described by the following 
equation: 
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in which ρo is the freshwater density, ε is the density difference ratio and Co, Cs are reference and 
maximum concentration respectively. In the current study we consider Co = 0.  

The density difference ratio is expressed as: 

 
ε =

ρs − ρo

ρo

 (6) 

in which ρs is the maximum seawater density.  
The SEAWAT numerical code is utilised to simulate seawater intrusion in the study area. 

SEAWAT code combines MODFLOW and MT3DMS (Guo and Langevin, 2002), to solve 
iteratively the flow and transport equations.  

The impact of seawater intrusion on the aquifer is quantified using the temporal variability of 
freshwater volume, expressing the vulnerability of coastal aquifers (Werner et al., 2012; Morgan 
and Werner, 2014). A modification of this approach, proposed by Kopsiaftis et al. (2017), 
introduces the FwV indicator aiming at being applicable to VD models. Freshwater volume is 
defined as the aquifer volume constrained by the water table, the aquifer boundaries and the 
0.5 kg/m3 isochlore surface, multiplied by the aquifer porosity. The FwV index is then calculated at 
each time step of the transient seawater intrusion simulation, as the difference of the values of 
freshwater volume between two consecutive years.  

2.2 Study area and modelling approach  

Rhodes is a relatively big island located at the eastern part of the Aegean Sea. Groundwater is 
the main water resource of the island, which is exploited through a dense network of private and 
public wells. The groundwater system of Rhodes Island is complex, consisting of a number of 
independent confined and unconfined aquifers. The simulated groundwater system is an alluvial 
unconfined aquifer located at the surrounding area of Gadouras stream valley, at the central east 
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part of the island (Figure 1).  
The lithology of the study area mainly consists of alluvial, river and coastal deposits: loose 

material, sands, soils, pebbles and gravel of various sizes. Secondarily, shallow marine massive 
limestones or locally coastal deltaic deposits are observed, as well as lacustrine to coastal clastic 
deposits of Upper Pliocene – Lower Pleistocene age. Based on the limited available point data from 
the borehole profiles, the mean thickness of the lithological formation is estimated to be 
approximately 50 m. Figure 1 presents a part of the geological map of Rhodes Island. The aquifer 
inland boundaries coincide with the geological boundaries and there is no significant evidence of 
hydraulic communication with the neighbouring geological formations, since they are impermeable, 
with the exception of a small area at the NE boundary, where an insignificant lateral inflow seems 
to take place. The aquifer has a total area of 23.19 km2. 

 

Figure 1. Location of the examined aquifer in Rhodes island. The black thick line outlines the aquifer border (source of 
the geological map: Mutti et al., 1965). 

Based on the aquifer characteristics, a coastal aquifer model is developed. The aquifer is 
considered isotropic and homogeneous. The hydraulic conductivity value is set to 15 m/d, based on 
bibliographic data and an approximate trial and error calibration. Table 1 contains the basic model 
parameters.  

The recharge timeseries is calculated using Medbasin-M model, based on the 34-year 
precipitation and potential evapotranspiration data. There are limited available field data regarding 
the pumping rates. The aquifer is pumped mainly during the summer months with a total pumping 
rate which amounts to 6000 m3/d. The pumping is distributed to five wells and the highly 
productive inner wells are used to cover the water needs of smaller neighbouring islands (Gavalas, 
2009).  

 

Table 1. Basic parameters of the coastal aquifer model 

Parameter Value 
Hydraulic conductivity (Kx, Ky, Kz) (m/d) (15,15,15) 
Dispersivity (aL,aT,aV) (m) (20,2,0.2) 
Porosity (%)  15 
Seawater density ρ (kg/m3) 1025 
Freshwater density ρo (kg/m3) 1000 
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4. RESULTS AND DISCUSSION 

An initial steady state simulation is performed without pumping, using the mean precipitation 
values to obtain initial conditions regarding the hydraulic head and concentration. Then, the 
recharge time-series and the pumping rates are utilised to perform transient simulations. The FwV 
indicator is calculated from the final concentration and head results for each time step, i.e. on a 
monthly basis.  

The values of RDIst are calculated for several reference periods, from the available precipitation 
and temperature datasets and the results are presented in Figure 2. The calculated FwV values are 
also depicted in the same Figure in order to compare the evolution of the meteorological drought to 
the available water volumes.  

 

Figure 2. FwV values and RDIst values for 3-, 6-, 9- and 12-month reference periods (annual time step). 

 

Figure 3. RDIst values for 12-month reference period plotted against monthly FwV values (monthly time step). 
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As observed from Figure 2, for the 6, 9 and 12-month reference periods the FwV indicator 
follows the drought occurrences. However, for the 3-month reference period a compatibility 
between FwV and RDI cannot be detected. 

Further investigation on a monthly step could reveal interesting information regarding the 
correlation between the two indices. For this reason, in Figure 3 the RDI values for the 12-month 
reference period on a monthly step are plotted against the FwV at the end of each month. As shown, 
the FwV indicator responds adequately to the drought evolution, depicting, however, a slightly 
different variability.  

The correlation between RDI and FwV indicator for a specific reference period could assist in 
achieving a forecast of the aquifer condition at the end of a specific period. Indicatively, the high 
correlation between the RDIst values for 12-month reference period and FwV on a monthly step is 
presented in Figure 4. Therefore, an estimate of the groundwater availability can be achieved using 
only meteorological data.  

 

Figure 4. Correlation between RDIst values for 12-month reference period and FwV values (monthly time step). 

5. CONCLUDING REMARKS 

The response of a coastal aquifer under pumping to meteorological drought is investigated in this 
paper. The examined aquifer is located in the Gadouras area in Rhodes island. The Reconnaissance 
Drought Index (RDI) is used to represent the meteorological drought conditions, while the aquifer 
response to drought is described through the FwV indicator.  

The aquifer recharge was calculated through Medbasin-M model, using the available 
meteorological data of the area. Also, the pumping pattern used in the groundwater model, is based 
on real water demand of the area. 

The average variation of the FwV seems to follow the drought occurrences for the 6, 9 and 12-
month reference periods of drought, while the 3-month period presents a different behaviour. A 
detailed monthly step evaluation reveals that the FwV indicator responds adequately to the drought 
evolution. However, a slightly different variability of the RDI and FwV values is observed.  

High correlation between RDI and FwV values is an evidence that groundwater response to 
drought events could be approximated through RDI, using only meteorological data. 
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