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ABSTRACT 

Tidal Response Methods (TRM) have been applied with the aim of obtaining hydraulic 

diffusivity (D) of the discharge fringe of the Motril-Salobreña coastal aquifer at two 

piezometers (P1 and P2). The novelty is their application in both measured groundwater 

head affected by tide and extracted tidal influence from the same records. The extraction was 

performed with Continuous Wavelet Transform (CWT), which can obtain the groundwater 

head undisturbed by tide and its tidal impact. The D obtained indicates that the prior filtering 

process provides better results when the Tidal Efficiency (TE) method is used. Moreover, 

there is a significant difference with the Delay method, depending on whether maximum or 

minimum peaks are used to obtain delay values between tidal oscillations and groundwater 

head oscillations. The measuring depth within the aquifer affects the results obtained with 

the TE method as it is based on amplitude relation, with the tidal attenuation higher upper in 

the aquifer. Transmissivity has been estimated considering S=0.001 at P1 (around 1,100 

m
2
/d with the maximum delay method and 500 m

2
/d with the minimum delay and TE 

methods) and at P2 (around 1,100 m
2
/d with the maximum delay method, 450 m

2
/d with the 

minimum delay, and 120-260 m
2
/d with the TE method). This indicates that the greatest 

differences between considering the measured groundwater level and extracted influence are 

obtained with the TE method. Therefore, using the TE on the complete measured level could 

involve an overestimation of diffusivity. We conclude that the application of the TRM on the 

extracted tidal part from groundwater heads is recommended for tidal efficiency (TE) 

calculation, mainly due to the significant change in amplitude oscillations. In addition, the 

delay is easily calculated since the peak detection is better fitted, it being possible to obtain 

more accurate results with the Delay method. Finally, the use of minimum peaks to obtain 

the delay is recommended since the hydraulic diffusivity obtained could be overestimated 

when maximum peaks are evaluated. 

INTRODUCTION 

The estimation of hydrogeological parameters (transmissivity, storage coefficient, and 

conductivity) has been extensively studied in coastal aquifers where groundwater head 

measurements are affected by tidal oscillations. Pumping tests have also been widely applied 

for the estimation of hydrogeological parameters, and adapted and reinterpreted for these 

specific issues (Trefry and Johnston 1998; Zhou 2008). Classic analytical methods with 

pumping tests in coastal aquifers are evaluated in Calvache et al. (2016). The most 

commonly used methodology to calculate hydrogeological parameters through tidal 

influence is based on Tidal Response Methods (hereinafter TRM), equations first developed 

by Jacob (1950) and Ferris (1951), which allow representative values of hydraulic diffusivity 

to be obtained. TRM are based on the Delay (or Time Lag) and Tidal Efficiency (TE) factors 

between tide and oscillations of groundwater due to tide, where the transmission of the tidal 

oscillations will be more or less fast and more or less effective depending on the 

hydrogeological features of the aquifer. However, one problem of this method is the 

assumption that the measured head is a static level, only affected by the tide. In fact, 
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however, it is a dynamic level impacted by changes in the recharge and discharge processes 

over time, which produce interference with the tidal oscillations. As a result, alternatives are 

necessary to obtain the tidal portion recognized in the groundwater head measurements. 

 

In the present study, the degree of impact that using the TRM has on the results of hydraulic 

diffusivity is determined when non-tidal oscillations are included or not in the measurements 

used. Likewise, the influence of other factors on the results is also assessed. The proposed 

method is based on a prior filtering process of the groundwater head measurements so that 

the tidal oscillation extracted from the original time series is compared with the tide 

oscillation that produced it. Therefore, the tidal part extracted from the groundwater head is 

used to calculate the hydraulic diffusivity of the coastal fringe of the aquifer (between the 

measured well and the sea) as a whole. First, Continuous Wavelet Transform methods 

(CWT), a technique widely used in tide studies (Flinchem and Jay 2000), is applied to 

filtering the groundwater head measurements and extracting the tidal influence. Second, 

TRM (both TE and Delay equations) are applied in their original form, using the relation 

between the tide and the tidal influence on the wells. Application of these methods without 

the prior filtering process (i.e., using groundwater head measurements directly) is also tested 

in order to reveal any differences in the results. 

Application context 

The Motril-Salobreña coastal aquifer is located on the southwestern Spanish Mediterranean 

coast (Figure 1). Aquifer materials mostly constitute coarse metapelitic sediments, with a 

highly variable grain size. Aquifer thickness is extremely variable as well, ranging from 30 

to 50 m in the northern sector of the fluvial sedimentary environment to more than 250 m in 

areas near the coastline in the deltaic sedimentary environment (Duque et al. 2008).  

 

 
Figure 1.  Motril-Salobreña coastal aquifer (left) and specific location of P1 and P2 

piezometers (right) at the discharge zone. 

 

The unconfined aquifer (the upper 140 metres at P1) comprises a heterogeneous succession 

of marine and continental units, with a high content of coarse material, and the remaining 

deeper part is composed of a thick clayey layer with interlayered thinner units of coarser 

material. At the northern boundary, the aquifer is limited by the alluvial aquifer of the 

Guadalfeo River and the Escalate carbonate aquifer, and at the southern boundary by the 

Mediterranean Sea. On all other borders, the aquifer is in contact with schists and phyllites 

(which can be considered as impermeable) that also constitute the basement. 
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Previous studies indicate that there is highly variable transmissivity (T) depending on the 

aquifer zone. Maximum values of 10,000 m
2
/d are defined for the recharge zone, whereas in 

the western discharge zone, the estimated T is around 500 m
2
/d. The eastern sector has the 

lowest T values of around 100 m
2
/d or lower (Calvache et al. 2009). The datasets were 

measured at two piezometers in the discharge zone of the Motril-Salobreña coastal aquifer, 

300 m from the shore (Figure 1), with P1 at 132 m depth and P2 at 40 m depth. Both points 

are affected by the tide, with a mean induced amplitude of 0.3 m at P1 and 0.15 m at P2, and 

their records have been compared with tide data from the nearby Motril Harbour, with a 

mean amplitude of 0.6 m in this coastal sector of the Mediterranean Sea. 

METHODS 

The decomposition into its constituents is accomplished by CWT (Continuous Wavelet 

Transform), a mathematical tool commonly used in tidal analysis and forecasting. More 

details about the decomposition used as a filtering technique are presented in Jay and 

Flinchem (1999) and Flinchem and Jay (2000). In our case, the wavelet packet in Matlab® 

software is used.  

 

The tidal influence extracted at each piezometer is then used to apply the Tidal Response 

Methods (TRM), based on the expressions derived by Jacob (1950) and Ferris (1951). They 

defined the hydraulic head under tidal forces at a distance x from the sea-aquifer contact 

(Zhou, 2008): 
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aquifer transmissivity, and S (dimensionless) is the aquifer storage coefficient. From 
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where    ( ) is the amplitude of the hydraulic head fluctuation at a distance x from the 

coast, TE (dimensionless) is the Tidal Efficiency factor,   ( ) is the Time Lag between a 

peak of tidal oscillation and the peak of the induced hydraulic head oscillation,   is the 

damping constant of the tidal oscillation, and D is the hydraulic diffusivity (L
2
/T). 

 

Time lag (or delay) is obtained from the peak analysis (Figure 2), which consists of the 

evaluation of peak-to-peak positions between the tide and groundwater head time series, 

always between consecutive peaks of tide and the resulting peak produced at the 

piezometers, and performed separately for both maximum and minimum peaks. The 

evaluation for both maximum and minimum peaks proves the differences in the delay, 

proving the asymmetric nature of the tide in this Mediterranean area. 
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The attenuation of tidal oscillation into the aquifer is measured as the ratio between the                             

(STD) of both tide and groundwater head time series (Erskine, 1991), respectively: 
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     (5) 

 

where N is the total number of samples of the record,    is the value of the sample number i, 

and  ̅ is the average value of the set of samples. 

 

 
Figure 2.  Detail of peak-to-peak evaluation of delay between tide-tidal part of P1 at 

both maximum and minimum oscillations. The analysis is performed for one month 

(August 2013), and the samples are interpolated from one hour to 5 minutes. 

RESULTS 

The TRM have been applied to obtain hydraulic diffusivity (D) based on the nature of the 

time series of groundwater head measurements (measured and extracted tidal part). Figure 3 

shows the results of the filtering process, that is, the decomposition of the measured 

groundwater heads into the tidal influence and the non-tidal part (groundwater head 

undisturbed by tide).  

 

 
Figure 3.  Decomposition of the original measurements into its tidal part (tidal 

influence at P1) and the residual part (tide-filtered groundwater head) at (A) P1 and 

(B) P2. 

 

When tidal influences at P1 and P2 are compared, the similarities between tide and induced 

tidal parts at P1 and P2 become clearer due to the removal of the non-tidal oscillations. Tidal 

oscillations are damped and delayed at both piezometers, with different amplitudes and 
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delays depending on their locations (piezometer distance from the coast and depth). The 

extracted tidal part at P2 is smaller than at P1, but conversely, the non-tidal part in P2 is 

more remarkable than in P1.  

 

The calculated mean delays with maximum peaks at P1 and P2 are 82 minutes, regardless of 

the measured level or the extracted tidal part used. However, when minimum peaks are 

considered, the delays change slightly, becoming 128 and 129 minutes for levels measured at 

P1 and P2 respectively, and 127 and 128 minutes for tidal parts at P1 and P2, respectively, 

with an average of 46 minutes difference between them. These differences between 

maximum and minimum peaks in the delay evaluation are quite significant when D is 

calculated.  

 

 
Table 1.  Results of hydraulic diffusivity, D, applying both Delay and TE equations, 

and damping constant, β, for each diffusivity value. 

 

Applying equations (3a) and (3b) provides the hydraulic diffusivity (D) (Table 1), and 

Equation (4) gives the damping constant for each D value. The results show differences in D 

between each method (Delay and TE) for both measured groundwater head and extracted 

tidal part. Lower differences between them are observed when minimum peaks are used to 

obtain the delay. 

 

The damping constant suggests that the decay of tide is higher at P2 in all cases considered, 

so the tidal influence is higher and goes deeper in the aquifer. Transmissivity has been 

estimated for a presumed value of S = 0.001. The results are close to each other at both P1 

and P2, regardless of the time series used (with or without pre-filtering). Nevertheless, for 

the delay method with maximum peak delays, the results are double the results obtained with 

minimum peak delays. 

DISCUSSION AND CONCLUSIONS 

The TRM have been applied to obtain hydraulic diffusivity (D) in the Motril-Salobreña 

coastal aquifer at its discharge zone, with different groundwater head records (measured and 

extracted tidal influence) in order to evaluate the differences between considering each 

possibility (with and without pre-filtering), and also the application of both Delay and Tidal 

efficiency methods and the implications of the measuring depth. The results indicate that the 

prior filtering process is significant when the TE method is used, since applying the Delay 

method, the differences between using groundwater head and its extracted tidal part is not 

significant. The D obtained applying either the Delay or the TE is different when maximum 

peaks are used for calculating the delays. In contrast, there are no differences when 

minimum peaks are used. Thus, applying the Delay method from maximum peaks could 

involve an overestimation of D. Otherwise, comparing results from different measurement 

depths, D changes for the TE method, but any differences are observed for Delay method. In 

addition, the damping constant indicates a greater attenuation of tidal influence at P2 than at 

P1 in all cases, but especially when the TE method is applied on the extracted tidal part. 

Therefore, the extraction of the tidal part from the groundwater head records is highly 
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advisable when the TE method is applied in unconfined aquifer systems. Applying the Delay 

method with minimum peak delay values is also recommended, although the delay values do 

not appear to be affected by depth at the same distance from the shore. Finally, 

transmissivity (T) estimated considering S=0.001 shows significant discrepancies between 

the methods for each type of record used (measured head or extracted tidal part), meaning 

that the unfiltered procedure could lead to an overestimation since, regarding T values from 

previous studies, the closest values are obtained applying the TE and Delay (with minimum 

peaks) methods. Furthermore, for obtaining T or S from calculated D, S or T should be 

previously fitted for the depth of measurement. 

 

KEYWORDS: coastal aquifer; tide influence; parameter estimation; filtering process; tidal 

response methods 
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