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This paper presents a methodology for determining the optimum sampling 

frequency using long-term monitoring data, with a high sampling 

frequency, from a real field case in an industrial site. The initial data used 

in the development of the methodology using Fast Fourier Transformer 

(FFT) was obtained from an already established continuous surface water 

monitoring location for conductivity variable. The methodology was later 

applied to the laboratory test data of different Reference TUBERs 

provided by two industrial companies. The suggested methodology aims at 

providing a guideline for the suitable sampling frequency for some water 

quality parameters such as: (temperature, pH, electrical conductivity, 

dissolved oxygen, nitrate, and chloride, as they are being monitored 

around mining and landfill sites. Results showed that the current sampling 

interval could be increased by 4 times for some parameters and more for 

others without much change in the main information recorded in the final 

output signal. 

KEYWORDS: Sampling frequency, water quality parameters, FTT, 

power spectrum density. 

 

1.  INTRODUCTION AND OBJECTIVE 

There are several methods available for determining the common water quality 

parameters like temperature, pH, electrical conductivity, alkalinity, chloride, nitrate, 

and dissolved oxygen. While being accurate and precise, these procedures are time 

consuming and thereby expensive when analysing large sample sets for routine 

monitoring [1]. An alternative approach to assist in monitoring these parameters is to 

determine their optimum sampling frequency. 

On the other hand, monitoring the water quality parameters became an 

important issue due to the ascending concern of the public and government to have 

standard and healthy water. 
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The main problem for conducting a continuous monitoring of water quality 

data is the high cost especially if the parameters to be detected are too many as the case 

around mines and landfills [2]. 

It should be mentioned that several research investigated other factors that 

might affect the selection of the sampling intervals of water quality parameters 

monitoring such as the groundwater velocity: Hudak (2001) evaluated how 

groundwater velocity affects the sampling interval of a groundwater monitoring 

network and its ability to intercept contaminant plumes before reaching a buffer zone 

boundary using a computer simulation model [3]. Loftis and Ward (1980) introduced 

methods for predicting confidence interval widths at specified sampling frequencies; 

they have considered both seasonal variation and serial correlation of the quality time 

series [4]. 

However, the aim of this paper is to define, through monitored data analysis, 

the optimum sampling frequency from economical and scientific point of view that 

applies to the groundwater quality parameters in mines and landfill sites. Such 

methodology will assist the industry in saving time and money. The methodology was 

developed based on the analysis of real data provided from the industry for a 

conductivity parameter. 

 

2.  SAMPLING FREQUENCY ANALYSIS METHODOLOGY 

As far as groundwater-sampling frequency is concerned, the current practice in 

industry is usually based upon the extent of the historical data available before a 

project starts. The specifications used are very general and, in the main, involve 

periodic sampling (grab sampling). To develop the methodology, it was believed that a 

reasonably long-term monitoring data, with a high sampling frequency, from a real 

field case in an industrial site is essential to approve the capability of the suggested 

methodology. The initial data used in the development of the methodology therefore 

was obtained from an already established continuous surface water monitoring location 

for conductivity data. The methodology and the initial data analysis are reported in the 

next section. 

The main objective of this research is to identify the noise and filter the signal 

in order to determine the optimum sampling frequency for the groundwater parameters 

in the mining and landfill environment. The initial data used for the development of the 

methodology covers a period of six months with a 15 minutes interval of conductivity 

monitoring. The continuously monitored data is first plotted as a time series graph to 

examine the continuity and trend of the measured variable. The signal is analysed using 

the Fourier analysis techniques to study the frequency components of different 

sampling frequency components. For this purpose, FFT (Fast Fourier Transform) and 

PSD (Power Spectrum Density) are used to determine the optimum sampling 

frequency and the power of the signal. 

Theoretically, the minimum sampling frequency must be 2fmax. (Where fmax. is 

the maximum frequency component in the original signal) [5]. However, in practice, 

this is usually taken as 4fmax. A suitable filter was designed to pass the main 

components of the signal and cut off the minor ones (noise). It has been assumed that 

the noise in the signal would not exceed 10% of the original power of the signal; 
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otherwise, we assume that the noise is due to sensor failure or draft. A macro was 

written in MATLAB [6] to carry out the analysis. The procedure finalised is 

summarised below: 

1. Time series plot: After the initial analysis of the raw data using simple statistical 

tools, the raw data is plotted in time domain to observe the change in the parameter 

concerned in time, Figure 1a. 

2. Removing the mean and the trend: In order that the change in the variable with 

time is analysed effectively, the mean of the data is removed first. If the recorded 

data has a trend, it is important that the trend is also removed. 

Removing both the mean and the trend does not affect the information in the 

signal. Figure 1b illustrates the continuously monitored conductivity data after 

removing both the mean and the trend. 

 

 
(a) 

 
(b) 

 
Figure 1: Frequency analysis of electrical conductivity data a) original data; b) after 

mean and trend is removed from the signal. 

 
3. FFT (Fast Fourier Transform): A traditional method of spectral estimation is the 

Fourier analysis, which can be used to define spectral peaks in time records [7]. 

Fast Fourier Transform (FFT) is used to convert the data from the time domain to 

the frequency domain where the components of the signal could be identified 

easily (Figure 2). The complicated form of the observed data can be represented 
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by an aggregate of simple wave forms that are expressed by the amplitude of the 

cosine and sine terms, an and bn, respectively: 

The simplest relation between a finite-length sequence x[n], defined for 

10  Nn , and its discrete-time Fourier transform DTFT )( jeX  is obtained 

by uniformly sampling )( jeX on the ω-axis between  20   at 

Nkk /2  , k = 0,1, N-1. [8]. 
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Where: 

X[k]  is a finite length sequence in the frequency domain and is of length N.  

The sequence X[k] is called the Discrete Fourier Transformer (DFT) of the 

sequence x[n]. 

Using the commonly used notation 
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Equation (1) can be rewritten as: 
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4. Signal filtering: Here the objective is to remove the noise without losing a 

significant portion of the signal. Once the FFT has been applied to the time series 

data, one can select a suitable filter (high pass or low pass filter) for refining the 

signal from its useless components (noise). The FFT shows the principal 

components of the signal. In some applications, the first two main components 

could be sufficient to represent the main information in the signal. After the FFT, 

the original signal is filtered using the cut-off frequency (fc): 
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Where: 

fc  = cut-off frequency 

fs1 = original sampling frequency (1/(15*60)) = 0.0011 (in the case     

               discussed here) 

fir1  = is an M-file implementation of MATLAB Programs for Digital 

Signal Processing [6]. 

D  = filter degree, (30-40) say 35. 

In selecting the correct cut-off frequency (fc), thus the optimum sampling 

frequency from the processed signal, Power Spectrum Density (PSD) analysis is used. 
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Figure 2: Fast Fourier Transform of the electrical conductivity data after mean and 

trend is removed from the signal. 

 

After FFT application to the original signal (Figure 2), a cut-off frequency is 

selected through the analysis of the signal components. Assuming that the maximum 

information in the signal is within 90% of its original power (the rest is noise), PSD is 

used to assess the validity of the cut-off frequency selected. This is an iterative process 

where the selected cut-off frequency (fc) is used to filter the original signal., then the 

PSD of the signal after filtering is compared with the PSD of the original signal 

(Figures 3a and b) until it converges to: 
 

PSDfiltered signal  90% PSDoriginal signal 
 

by reducing the cut-off frequency at each step. Table 1 illustrates the change of cut-off 

frequency (fc), the related PSD ratio and the resultant sampling interval during the 

iterative steps conducted for a conductivity monitoring signal. Once the final cut-off 

frequency (fc) is decided upon, the original signal is filtered (Figure 4b) to remove the 

noise and the optimum sampling frequency calculated. 

 

 
(a) 
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(b) 

Figure 3: Power density spectrum of the electrical conductivity data a) original signal; 

b) after the removal of trend and noise. 

 

Table 1: Change of cut-off frequency (fc), the PSD ratio and the resultant-sampling 

interval for a continuous conductivity monitoring data. 
 

Variable 
Cut-off 

Frequency 

(Hz) 

PSD of the 

Original 

Signal 

PSD of the 

Filtered 

Signal 

PSDfiltered / 

PSDoriginal  

(%) 

Sampling 

Interval  

(hr) 

Conductivity 5.4E-04 3.5507E+08 3.5505E+08 99.99  

 1.0E-04 3.5507E+08 3.5397E+08 99.69 0.6944 

 8.0E-05 3.5507E+08 3.5647E+08 99.60 0.8681 

 5.0E-05 3.5507E+08 3.5217E+08 99.18 1.3889 

 1.0E-05 3.5507E+08 3.4983E+08 98.53 6.9444 

 5.0E-06 3.5507E+08 3.4975E+08 98.50 13.4775 

 5.0E-07 3.5507E+08 3.4975E+08 98.50 138.889 

 

For the first iteration: 

The actual sampling frequency (fs) =1/T (actual sampling time in seconds), i.e., 

f = 1/(15*60) 

fs  = 2 fmax                                   1/(15*60) = 2 fmax 

Select fc = fmax                           fc = 5.5E-04 (Hz). 

Once the PSD converges to the required level, the optimum sampling 

frequency is calculated from the related cut-off frequency as: foptimum = 4fc. 
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(a) 

 

 
(b) 

 

Figure 4: Comparison of electrical conductivity data a) original data; b) resulting 

signal after the trend and noise are removed based on correct fc. 

 

3.  VALIDATION OF SAMPLING FREQUENCY METHODOLOGY 

In order to validate the methodology described above, water quality monitoring data 

from the laboratory trials of two Reference TUBERs were used. Data was collected 

from two case studies (a mine site and a landfill site) [9]. In order to help identify a 

maximum representative frequency, these data were obtained at intervals as small as 

possible considering the length of time over which the data acquisition was to proceed 

(the shorter the time interval, the greater the battery consumption). 

At the landfill site, 10 minutes sampling intervals were used, to monitor 

several water quality parameters. At the mine site, the monitoring frequency was 15 

minutes with weekly analysis of data throughout. This data was used to further 

evaluate the methodology developed and to assess the sampling frequency for 

parameters such as pH, dissolved oxygen, conductivity, temperature, chloride, 

ammonium, nitrate, pressure (level) and redox potential. The results of these validation 

studies are given in the next sections. 
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3.1 Analysis of Sampling Period and Sensor Type 

In order to test the reliability of the methodology, the suggested methodology was used 

to examine the current sampling frequency of two TUBERs, "I and II". The data were 

collected over 10 weeks and data analysed in weekly blocks as well as for the complete 

10 weeks period [10]. Later, the data for the two TUBERs was evaluated for optimum 

sampling frequency for each individual sensor over the whole monitoring period and 

comparisons made. In all cases, the sampling interval for the measurements was 15 

minutes. 

The sampling frequency procedure described before was applied to this data, 

treating the signal in weekly intervals as well as the whole monitoring period, for all 

the sensors that functioned. The results are given in Tables 2 and 3. 

Figure 5 presents the frequency analysis and signal filtering results for the 

dissolved oxygen sensor (as an example) for a particular week. 

 

 

Table 2: Sampling frequency analysis results for Reference TUBER "I", sampling 

interval = 15 minutes. 

Variable 
Cut-off 

Frequency 

(Hz) 

PSD of the 

Original 

Signal 

PSD of the 

Filtered 

Signal 

PSDfiltered / 

PSDoriginal  

(%) 

Optimum 

Sampling 

Interval  

(hr) 

Temperature 3.00E-05 18886 18586 98.57 2.315 

Conductivity 1.00E-05 6.5912E +05 6.4959E +05 98.55 6.944 

pH 4.00E-05 326.2021 317.1197 97.22 1.736 

Redox 5.00E-05 1.4410E+06 1.3001E+06 90.23 1.389 

Dissolved O2 3.50E-05 1.3939E+03 1.3730E+03 98.50 2.315 

 Number of observations = 6029 

 

 

Table 3: Sampling frequency analysis results for Reference TUBER "II", sampling 

interval = 15 minutes. 

Variable 
Cut-off 

Frequency 

(Hz) 

PSD of the 

Original 

Signal 

PSD of the 

Filtered 

Signal 

PSDfiltered / 

PSDoriginal  

(%) 

Optimum 

Sampling 

Interval  

(hr) 

Temperature 2.00E-05 18496 18201 98.42 3.472 

Conductivity 2.00E-05 3.5914E+05 3.5650E+05 99.26 6.944 

pH 4.00E-05 169.3844 165.4940 97.70 3.472 

Chloride 2.00E-05 7.8606E+09 7.8191E+09 99.47 3.472 

Dissolved O2 6.00E-05 1.0300E+03 985.6579 97.30 2.315 

 Number of observations = 6034 
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(a) 

 
(b) 

 
© 

Figure 5: Frequency analysis of dissolved oxygen measurements every 15 minutes 

from Reference TUBER "I" for one week (a) original data and after the 

removal of the mean and trend; (b) Fast Fourier Transform of dissolved 

oxygen measurements after mean and trend is removed; (c) resulting data 

after the removal of the trend and noise from the signal. 
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3.2 Application of Sampling Frequency Methodology around a Mine Site 

The reference TUBER "I", that has been tested and introduced in the previous section, 

was installed in the field in a monitoring well, near tailings pond very close to a mine 

site. The TUBER acquired data at 15 minute intervals for the entire monitoring period. 

Water quality data were monitored regularly in order to assess the behaviour of the 

sensors for about 3.5 months (10500 samples). The continuous monitoring data were 

compiled and analysed using the developed sampling frequency methodology. 

The objective of this application is to determine the optimum sampling 

frequency and, decide whether a modification for the entire sampling interval is 

required or not. Therefore, the results would reveal the capability of the method to 

assess the sampling frequency for parameters such as pH, and electrical conductivity. 

Table 4 presents the results of statistical analysis of the monitoring data. 

 

Table 4:  Statistical analysis results for the parameters measured using TUBER “I”. 

Statistical Parameters 
Level 

m 
Temp. 

0
C 

Conductivity 

S/cm@25C
0
 

pH 

units 
Redox 

mV 
Dissolved O2   

mg/l 

Mean 4.888 10.610 1716.952 7.925 276.981 0.088 

Standard Deviation 0.129 0.278 78.955 1.220 26.318 0.031 

Range 0.578 0.970 387.680 3.950 133.540 0.190 

Maximum 4.999 11.050 1876.780 10.310 322.210 0.220 

Count 10500 10500 10500 10500 10500 10500 

Confidence Level (95.0%) 0.002 0.005 1.510 0.023 0.503 0.001 

 

 Device started: 22/07/1998 13:00 till 8/11/1998 21:45 with sampling 

interval = 15 minutes. 

 

Figure 6 illustrates pH sensor, as an example, field data for TUBER "I". 
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Figure 6: pH measurements in the groundwater well near a mine site. 
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The sampling frequency analysis procedure described earlier was applied to 

this data, treating the signal for the whole monitoring period, for all the sensors that 

functioned. Table 5 presents the results of this analysis for TUBER "I". Figure 7 

illustrates these results for the pH sensor for TUBER "I". 

 
Table 5: Sampling frequency analysis results for Reference TUBER "I", sampling 

interval = 15 minutes. 

 

Variable 
Cut-off 

Frequency 

(Hz) 

PSD of the 

Original 

Signal 

PSD of the 

Filtered 

Signal 

PSDfiltered / 

PSDoriginal 

(%) 

Optimum 

Sampling 

Interval 

(hr) 

Temperature 5.00E-06 563.7892 559.7206 99.28 13.889 

Conductivity 5.00E-06 3.91E+07 3.87E+07 99.14 13.889 

pH 5.00E-06 593.8711 588.2878 99.06 13.889 

Redox 4.00E-05 2.61E+06 2.37E+06 90.83 1.7361 

Dissolved O2 5.20E-04 9.1518 8.4157 91.96 0.3135 

 

* Number of observations = 10500 

 

The above results reveal that the temperature, conductivity and pH sensors 

worked consistently for the length of the monitoring period downhole. As a result, the 

optimum sampling frequency determined by the FFT analysis was more than 13 hours. 

This reflects to a high signal over noise ratio, that is a very important aspect of the 

function of the sensors. However this does not mean that it is possible to predict/model 

the in-between values if samples were collected every 13 hours. On the other hand both 

the Redox and dissolved oxygen sensors were shown to have much lower optimum 

frequency values (1.7361 and 0.1335 hrs), which translates to a low signal over noise 

ratio, even though the measurements could be within acceptable ranges. 
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(a) 
 

 
(b) 
 

 
(c) 

Figure 7: Frequency analysis of pH measurements every 15 minutes from Reference 

TUBER "I" at a mine site (a) original data and after the removal of the 

mean and trend; (b) Fast Fourier Transform of pH measurements after mean 

and trend is removed; (c) resulting data after the removal of the trend and 

noise from the signal. 
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3.3 Application of Sampling Frequency Methodology around a Landfill 

Similar analysis of sampling data from the field was carried out using TUBERs "1 and 

2" in groundwater wells (S6 and S7) at a Northern Italian landfill site (data provided by 

Ismes S.p.A.) [11], to evaluate the sample data and optimum sampling frequency 

assessment. Sampling intervals of 20, 30 and 40 minutes were used with these sensors. 

Figure 8 illustrates the original monitoring data obtained for electrical conductivity in 

the field. Table 6 shows the operational conditions of the two reference TUBERs as 

they used in the field. 
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Figure 8: Electrical conductivity measurements for TUBERs "1 and 2" in the field. 

 

The FFT analysis of all the test data for all the sensors that functioned were 

carried out. The results of these analyses, using a sampling frequency of 20 and 40 

minutes, are presented in Tables 7 and 8, while Table 9 shows the results obtained 

from using TUBER "1" at well "S6" with initial sampling frequency of 40 minutes. 

Figures 9 and 10 illustrate the FFT analysis of the pH and electrical 

conductivity signal for 20, and 30 minute sampling interval respectively. 

 

Table 6: Operational sampling frequency for the TUBERs "1 and 2" at the Northern 

Italian landfill. 

Reference 

TUBER 
Well Started Until 

Sampling 

interval 

No of 

observations 

1 S6 
18/06/1998 13:12 22/07/1998 00:52 20 min. 2412 

22/07/1998 14:08 27/08/1998 01:52 40 min. 1283 

2 S7 
17/06/1998 13:12 22/07/1998 15:12 40 min. 1224 

22/07/1998 16:30 27/08/1998 00:00 30 min. 1696 
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(a) 

 
(b) 

 
© 

Figure 9: Frequency analysis of pH measurements every 00 minutes from Reference 

TUBER "1" (a) original data and after the removal of the mean and trend; 

(b) Fast Fourier Transform of conductivity measurements after mean and 

trend is removed; (c) resulting data after the removal of the trend and noise 

from the signal. 
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(a) 

 

 
(b) 

 
© 

Figure 10: Frequency analysis of electrical conductivity measurements every 30 

minutes from Reference TUBER "2" (a) original data; and after the removal 

of the mean and trend; (b) Fast Fourier Transform of conductivity 

measurements after mean and trend is removed; (c) resulting data after the 

removal of the trend and noise from the signal. 
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Table 7: Sampling frequency analysis results for Reference TUBER "1", sampling 

interval = 20 minutes. 

 Variable 
Cut-off 

Frequency 

(Hz) 

PSD of the 

Original 

Signal 

PSD of the 

Filtered 

Signal 

PSDfiltered / 

PSDoriginal  

(%) 

Optimum 

Sampling 

Interval  

(hr) 

Temperature 3.60E-04 10.1462 9.2348 91.02 0.1929 

Conductivity 5.00E-06 7.93E+07 7.67E+07 96.71 13.889 

pH 1.00E-05 55.4257 52.4295 94.59 6.9444 

Redox 1.00E-05 9.50E+05 8.700E+05 91.62 6.9444 

Dissolved O2 1.10E-05 2.48E+06 2.41E+06 97.03 6.3131 

 

Table 8: Sampling frequency analysis results for Reference TUBER "1", sampling 

interval = 40 minutes. 

Variable 
Cut-off 

Frequency 

(Hz) 

PSD of the 

Original 

Signal 

PSD of the 

Filtered 

Signal 

PSDfiltered / 

PSDoriginal  

(%) 

Optimum 

Sampling 

Interval  

(hr) 

Temperature 3.50E-05 1.0196 0.9251 90.73 1.9841 

Conductivity 4.00E-06 7.00E+07 6.48E+07 92.60 17.362 

pH 4.00E-05 43.7730 39.5330 90.03 163761 

Dissolved O2 1.90E-04 9.40E+03 8.55E+03 91.02 0.3655 

 

Table 9: Sampling frequency analysis results for Reference TUBER "2", sampling 

interval = 30 minutes. 

Variable 
Cut-off 

Frequency 

(Hz) 

PSD of the 

Original 

Signal 

PSD of the 

Filtered 

Signal 

PSDfiltered / 

PSDoriginal  

(%) 

Optimum 

Sampling 

Interval  

(hr) 

Temperature 2.42E-04 0.0326 0.0295 90.29 0.2870 

Conductivity 6.00E-05 1.59E+04 1.44E+04 90.67 1.1574 

Chloride 3.00E-05 3.55E+07 3.22E+07 90.79 2.3148 

NH4 1.70E-04 1.96E+04 1.77E+04 90.33 0.4085 

Dissolved O2 1.75E-04 27.2879 24.6642 90.39 0.3968 

 

The above results of some groundwater quality parameters around the landfill 

site reveal that the provided data for the temperature variable is noisy data. However, 

the results of the other variables are acceptable. 

 

4. CONCLUSIONS 

A methodology to determine the optimum sampling frequency for the different water 

quality parameters that being measured for continuous monitoring was developed. The 

main procedure was first established over a quite good data that provided from a real 

data of temperature measurements from a river. Then a two case study from the tested 
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mine site and the landfill site were presented to validate the methodology. The obtained 

results showed that groundwater quality parameters around the mine site could be 

monitored with sampling interval of 13.899 hrs for temperature, electrical conductivity, 

pH variables, 1.7 hrs for Redox, and 0.313 hrs for dissolved oxygen instead of the 

initial 15 minutes intervals without loosing any significant data. The variation in the 

optimum sampling frequency for each variable depends upon the nature of the 

provided data, the instrument used, and the initial sampling interval. But in all cases, 

the results indicated the importance of defining the intervals during the monitoring 

programme which could lead to a better save in time and costs capacity. 
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 طريقة لتحديد الزمن الأمثل لأخذ عينات لتحديد عناصر جودة المياه 
 

ستخدمت بيانات حقلية تم تجميعها من  يياسنات تمنت ل عند رناعن  جنمدا الميناة ب  يقنة افي هذا البحث 
دييقة. ميد استخدمت هذة البيانات في تحديند النزم   00-10لى إمستم ا مرلى فت ات زمنية يعي ا تعل 

  أ  البيانننات المسنجلة بهننذة ال  يقنة يملنن  أمذلننب بارتبنا  الميناة  جننمدا نعن  منن  رناعن الأمثنل للننل ر
أ  لمية الأخ اء المحتمل  افت اضمع  sensor)مقاسة م  لل جهاز  عد حساس ) اتمثل ممجة مستم  
 ة رمل الجهاز الحساس بعم ا جيدا.% في حال 7حدمثها لا تتعدى 

شنهم   6 جنة حن ا ا الميناة تنم تسنجيلها لزتن ا زمنينة  ميلنة تعنل إلنى بيانات لقياس د استخدمتفي البداية 
 م  مياة س حية تم تسجيلها ب  يقة دييقة. يقةدي 15لل 

لد اسة هنذة البياننات مييناس ينما الممجنة  Fast Fourier Transformer)ستخدم محمل فم يي  الس يع )ا
(Power spectral density ممن  ثنم تقنديم )بقينة العناعن  يتن ا  بال  يقنة مالنذم يملن  تعميمن  رلنى ا

ختبننا  ال  يقننة رلننى مجننمرتي  مختلزتنني  منن  البيانننات تننمف ت منن  شنن لتي  مالقياسننات المتشننابهة. ثننم تننم ا
مختلزتنننني  بهنننندا تحدينننند الننننزم  الأمثننننل لعنننندد سننننبعة رناعنننن  منننن  رناعنننن  جننننمدا المينننناة الهامننننة مهنننني 
(temperature, pH, electrical conductivity, dissolved oxygen, redox, nitrate, and 

chlorideعندي  ممننا   النتخل  ( مالتي يعتاد يياسها لمع فة د جة جنمدا الميناة خاعنة حنمل مننا   الت
 م  النزايات.

 عد بعض رناع  جمدا المياة بزم  يعل إلنى أ بعنة  ج ت بي  ال  يقة المقت حة إملا ميد أظه ت نتائ
دم  حندمث تيين  فني المعلممنات ال ئيسنية التني  لنبعض العناعن  ستخدام  حاليايتم ا لتيأضعاا الزم  ا

 نات مما يمف  في التللزة مالميت.تسجل باستخدام زم  أيل لأخذ العي
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