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Abstract

:

In water resources management, it is essential to have a full and complete set of hydrological parameters to create accurate models. Especially for long-term data, any shortcomings may need to be filled using the appropriate methods. Moving the recorded observed data using the drainage-area ratio (DAR) method to different points is considered one of these methods. The present study used data from six different flow observation stations in the Asi River sub-basin, known as the fertile agricultural areas in Turkey, and transferred the data to various other locations that already have existing observations. This study tested how close the values this method produced were to the actual values and investigated the question “how is missing data imputation improved by the determination of method bias coefficients?” to analyze the method’s accuracy, the streamflow drought index (SDI)—a hydrological drought index—was applied over a 12 month timescale. Contour maps were formed according to both the obtained index results by using the original data from the target station and the transferred streamflow data. As a result of this study, a severe divergence from the actual values was observed in the data directly transferred to the target stations in proportion to their area. The distance of the existing stations between each other produced a very high correlation coefficient, both in the direct transfer process and after the correction was applied. Similarly, in terms of drought index calculations, values close to 97% were seen in the original and transferred flow rates. Consequently, from the perspective of the effective management processes of water resources, the transportation of the data from basin-based observation stations corrected according to the drainage areas can be thought to positively affect the design stages and cost calculations for future water structures.
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1. Introduction


Water is vitally important for living things on Earth. From the past to the present, issues such as the efficient use of water resources, flood control and protection from all kinds of natural disasters have been accepted as primary problems to be solved. Any water source used for drinking water and agricultural purposes may also meet the needs for hydroelectricity, water storage, water supply and water transportation. Therefore, streamflow data are often used to design and operate hydraulic structures in accordance with their purpose [1,2,3]. Considering the planning and design processes, it is critical that past data are not missing. However, it is a fact that it is difficult and costly to perform these measurements for each point in a basin. There may be data that are missing or that could not be measured for a variety of reasons, including climate conditions, transportation difficulties or problems in the measuring device [2,4,5,6]. Many studies have been carried out and different methods investigated to complete these missing ones. Recently, artificial intelligence techniques and statistical studies are frequently used to complete the missing flow data in the literature [2,4,5,6,7,8,9]. These data can be completed appropriately by various statistical methods [10]. Accordingly, studies on the transfer of existing data to other measurement locations have researched the use of the drainage-area ratio (DAR) method [11,12,13,14,15,16,17]. This method refers to the transfer of streamflow gauge station (SGS) data to a different SGS according to the ratio of their areas. The DAR method is mostly used to complete missing data or analyze the accuracy of measured data. Completing the missing streamflow data using the proper methods will make significant contributions to the structural measures to be taken against natural disasters, such as flood and drought. Within the scope of hydrology studies, flood discharge values are calculated by statistical and deterministic methods for different return periods, such as 2, 5, 10, 25, 50, 100, 200, 500, 1000 and 10,000 years [18,19]. These discharge values can also be calculated by empirical formulas, such as the McMath and rational methods. In addition, hydrological analogy methods are among the other solution options considered for peak streamflow predictions [20]. It is quite significant that the streamflow values are complete in terms of drought works. Population growth, urbanization, trends in water use and environmental differences have increased the drought effect in recent years. To minimize the devastating effects of drought, there are many drought analysis studies that have been performed on a regional basis, especially in the Asi River basin. In most of these studies, it has been stated that severe droughts were seen after the 2000s [21,22,23,24,25]. The streamflow drought index (SDI) is one of the drought analysis indexes suggested by Nalbantis (2008) [26]. In this method, only the average streamflow values are used as input data, and the drought’s temporal and spatial changes can be investigated with the obtained SDI values [27,28,29,30]. Within this study’s scope, the lower smaller Asi River sub-basin borders, which contain the essential agricultural areas of Turkey, were selected as the study area. In Turkey, six different SGSs, numbered D19A026, D19A027, D19A028, D19A030, 1906 and 1907, which belong to the Electricity Works Survey Administration (known as EIEI) and the State Hydraulic Works (known as DSI) institutions, were used. The average monthly streamflow data in the years from 2000 to 2011 were preferred for the analysis of the accuracy of the DAR method. Station data from D19A026, D19A027, D19A028 and D19A030 were transferred to stations 1906 and 1907 at different locations. This was conducted to appropriately compensate for any missing data due to the lack of recorded data from the 1906 and 1907 SGSs after 2011 in case any water structure planning was required in these regions in the future. As a result, considering the available information, the hydrological drought index values, based on 12 year streamflow data, were calculated within the scope of this study, and the effect of the data introduced by the DAR method on these calculations was examined. This study explored the error rate or deviation values between the original and the transferred data, as well as their convergence with the existing data. In cases where the SGS data were not available, it was thought that completing the deficiencies with the help of this method may contribute to the prevention of possible errors, especially in the design processes of new water structures.




2. Materials and Methods


2.1. Study Area and Data Used


In total, there are 25 main basins in Turkey. The Asi River basin is included in these basins and is referred to as the number 19 basin. The basin is between a 36°00′ and 36°08′ North latitudinal line and between a 35°54′ to 36°04′ East longitudinal line in the southern part of Turkey (Figure 1).



The Asi River basin is a transboundary basin with an area of approximately 24.660 km2, where 69% is in Syria, 23% is in Turkey and 8% is in Lebanon [31]. Eighty-eight kilometers of the Asi River flows within the borders of Turkey. At the same time, the Asi River, which irrigates the Amik Plain, changes its south to north directional flow on the Amik Plain and forms a route in a westerly direction. Near the city of Antakya, the flow enters a narrow strait in the east to west direction and forms the Harbiye waterfalls. Later, it forms a delta 6 km southwest of Samandağ, located east of Antakya, and then flows into the Mediterranean. The Asi River was named “Asi or Orontes” (meaning rebellious/insurgent in Turkish) because it flows northwards, unlike the other rivers in the region [32].



In terms of climate, it is in a Mediterranean climate zone, as the summers are hot and dry, and the winters are warm and rainy. However, the climate becomes continental as one moves toward the inner parts of the basin. The Asi River basin is considered one of the most important basins, since it has a drainage area of approximately 7800 km2 and is bordered by neighboring countries [24].
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Figure 1. General location of the lower small Asi River sub-basin and streamflow gauge stations (SGSs) [33]. 
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In the present study, monthly average streamflow data were used from the SGSs numbered D19A026, D19A027, D19A028, D19A030, 1906 and 1907, located in the lower small Asi River sub-basin. Information on the SGSs used in this study is shown in Table 1.




2.2. Drainage-Area Ratio Method


The drainage-area ratio (DAR) method refers to the transfer of the SGS data located in the same basin to another SGS designated point [14,16]. To use this method, it is essential to determine the ϕ and K coefficients obtained from the SGSs in the basin. Basically, only the days in which no flow record at any measuring station were selected. These were divided into calibration data and test data. The K and ϕ coefficients were determined using the calibration data. The test flow rates were calculated with such calibrated data. The accuracy was evaluated graphically and using statistical indicators. Only after such verification was the method calibrated in this way applied to the truly missing data. In general, the formula Q = K.   A ϕ    is used in this method. In the formula, Q is in m3/s and expresses the daily, monthly or annual flow amount; A is in km2 and represents the drainage area around the selected location. The symbol ϕ is the exponent, and K is the correction coefficient. For example, if there is an SGS at a point i on the stream, the area of this SGS is Ai, and its measured flow is Qi. If the basin drainage area of the location j, where the data will be transported, is evaluated as Aj and its flow rate as Qj, Equations (1) and (2) can be written as follows [15]:


   Q i  =  K i     (     A i     A j     )   ϕ   



(1)






   Q j  =  K j     (     A j     A i     )   ϕ   Q i   



(2)







To use the method in these operations without bias correction, it is seen that the ϕ exponent and K correction coefficients in the formula take the value of 1 (ϕ = 1, K = 1) [17]. When using the correction, the exponential numbers for ϕ in the equation are calculated, the arithmetic average of the obtained values is taken, and a single value is reached. The formulas used are seen in Equations (3) and (4) [34]:


   ϕ  a i   =   l o g (  Q  i a   /  Q  j a   )   l o g (  A i  /  A j  )    



(3)






   ϕ ¯  =  1 n    ∑   a = 1  n   ϕ a   



(4)




where n is the number of samples, and “a” represents the flow values in the row and ϕ for that row. To minimize the errors, the calculations were made with the help of the following equation to find the value of K, which is another coefficient used in the formula between the two SGSs (Equations (5) and (6)) [34]:


   K a  12   =    Q  i a      Q  j a      (     A i     A j     )    ϕ ¯      



(5)






   K a  21   =    Q  j a      Q  i a      (     A j     A i     )    ϕ ¯      



(6)







A single K coefficient is needed to calculate the DAR method with bias correction. Equations (7) and (8) are applied to convert these obtained values in this direction into a single number and use them in the generalized formula [34]:


  K =  1  2 n     ∑   a = 1  n   K a  12   +  K a  21    



(7)






    Q ¯  i  =  Q j  K    (     A i     A j     )    ϕ ¯    



(8)







The application of the DAR method, especially in studies related to drought, has not been seen in similar studies that were examined. In this sense, it is predicted that it will contribute a novelty to the literature.




2.3. Streamflow Drought Index Method


The standardized precipitation index (SPI), which allows the numerical analysis of drought with indexes, has been used in the published literature [35,36,37]. The streamflow drought index (SDI) method is similar to the SPI calculation. This method was developed by Nalbantis and Tsakiris (2008) [38] in which only average flows are applied, rather than precipitation data, as the input. In cases where i represents any hydrological year, a month of this year is represented by j, the streamflow value by Qij, the cumulative flow volume by Vi,k, and Equation (9) is obtained as follows [24]:


   V  i , k   =   ∑   j = 1   3 k    Q  i , j       i = 1 , 2 , …    j  = 1 , 2 , … , 12    k  = 1 , 2 , 3 , 4  



(9)




where the k = 1 value represents the October to December period, k = 2 for October to March, k = 3 for October to June, and k = 4 for October to September. According to the volumes in Equation (9), for each k value of the hydrological year i, the SDI is obtained by Equation (10) [24]:


  S D  I  i , k   =    V  i , k   −    V k   ¯     σ k    ,   k = 1 , 2 , 3 , 4            



(10)







In Equation (10), Vk and σk represent the mean and standard deviation of the cumulative volumes, respectively. Eight different classifications for the SDI method are examined. Table 2 shows these classifications in detail [23].





3. Results and Discussion


In this present study, to complete the missing data of stations 1906 and 1907, data from different observation stations, including D19A026, D19A027, D19A028 and D19A030, were transferred to the 1906 and 1907 SGSs in the same basin in proportion to their drainage areas. The recorded flow data at observation stations 1906 and 1907 were available until 2011. This study aimed to determine which interstation DAR method can be applied to complete the missing SGSs values for future probable hydrological works.



Examining the original data from the 1906 and 1907 stations, the maximum streamflow values were observed in 2005 (around the 50th month), and it was observed that there were decreases in the flow rates in the following years. The data were transferred to the target station points by applying directly and with bias correction. As seen in Figure 2 and Figure 3, the station data diverged significantly from the original values when they were moved directly in proportion to their areas.



However, as a result of the corrections made by using the ϕ and K values calculated with the statistical parameters from the observation stations, it was seen that the flow values converged significantly to the original values of the target stations. The obtained values as a consequence of the correction were re-evaluated to increase the convergence of the results. In the correction procedure, the transported values were not constant for the ϕ exponential and K coefficients, but the average flow values were obtained and included in the related equations [17].



Flow duration curves were created for a more detailed analysis of the convergence of the transported flow values with the target station values. Among the values transferred to the 1906 station, it was observed that only the D19A027 station provided a high level of approximation in terms of the probability of occurrence, while the other station values were realized at lower levels (Figure 3). In addition, it should be noted that the transfer process to the 1907 station had a satisfactory level of probability (Figure 4). Even if there were apparent deviations, a good fit was achieved. In general, it can be thought that the data transferred to the 1907 target station produced more consistent results. The conformity graphs between the bias-corrected data and the original data of the target stations are given in Figure 5.



These graphs show the deviation of the values carried by the linear trend line from the target values. As seen in Figure 5, the most consistent results with the method in this study were obtained by moving the station D19A030 to the target station 1907 SGS. This consistency was related to the proximity of the stations D19A030 and 1907 [11,14]. In addition, the data transferred to the 1906 station were clustered in the range from 0 to 10 m3/s, whereas the data transferred to 1907 were concentrated in the range from 0 to 40 m3/s. In general, in transporting lower data values, the conformity was higher. In other words, it was better represented. Larger values deviated more [14,16].



The root mean square error (RMSE) and MAE (mean absolute error) evaluation criteria were calculated to better understand the changes according to the linear trend lines of the data transferred to the target station (Figure 6).



The error rate increased considerably in the transfer cases where the drainage area ratios varied greatly, even if bias correction was applied (Figure 7). The SDI values calculated with the streamflow data transferred to the target stations are shown in Figure 8.



As far as the transfer of observed flow data in the published literature is concerned, no study has been found that looks at the effect it has on drought indexes. In studies conducted only on drought indexes, for example, Gümüş (2017) [21] stated that 2000 was a severely dry year for this region, while an extremely dry period was only mentioned in 2001 for a certain period.



In addition, Dikici (2020) [22] made similar inferences for drought situations between 2004 and 2005 in their study. With the transfer calculations in the present study, it was observed that the D19A026, D19A027 and D19A030 stations were estimated to be very close to the values obtained with the original data in terms of extreme dry periods. Still, there were some deviations in the prediction of mild dry periods.



It is noteworthy that the drought index results at the 1906 station between the 2003 and 2005 and between the 2007 and 2009 water years were quite compatible. In the 1907 station, the consistency of the SDI values obtained from the D19A030 SGS, was one of the first striking cases. The correlation coefficient (R) value of 0.97 supports this result. The SDI values obtained with the transported data of station D19A028 to the 1906 and 1907 SGSs had a low correlation in extremely dry periods. It is highly probable that D19A028 SGS, being far from the target stations, may have caused this result. The fact that the transferred flow rates represent similar ranges as the target station, the data can be considered an important comparison parameter; thus, the scatter plots of the SDI values are shown in a separate graph in Figure 9.



Considering the graphs in Figure 9, the fact that the D19A027 and D19A030 SGSs had similar scatter plots of SDI as the target station shows that the data were better represented. However, the SDI values at stations D19A026 and D19A028 were clustered in different regions according to the SDI indexes calculated with the original data of both the 1906 and 1907 SGSs. Although the original values were in the range from −2 to +2 SDI, all the transported stations were in the range from −2 to +3 SDI, indicating that the periods of extreme wet cannot be well determined. The annual average SDI values calculated over a 12 month time scale are given in Figure 10.



While the 2008 to 2009 water year stood out as the driest period for both of the target stations, it was seen that the SDI values were well estimated by stations D19A026, D19A027 and D19A030. The SDI values obtained with the data of station D19A028 transferred to the target station could not adequately predict the driest period. Examining the calculated SDI values and transfer results of the 1906 and 1907 stations with the original data, the wet periods seen in the 2004 to 2005 water years were well represented by all stations. The original values of the target stations and the frequency graphs of the SDI values created with the transferred data are shown in Figure 11. It is possible to point out the mild drought period as the most striking period in all the graphs.



It can be seen in these graphs that the results of the D19A028 station and the target station values showed little convergence. In addition, according to the trend line created for the original SDI frequency values, no more than two indexes were found, while it is possible to see larger values in the transported SDI values. This can be expressed as dry periods producing more consistent results than wet periods. The graphs in Figure 12 were created to compare the original and bias-corrected SDI values. In these graphs, it is seen that SDI data are clustered during the dry period. The clustering of the SDI values on the trendline indicates that the values moved by bias correction converge to the target station values, which can be seen mostly in the drought periods. In addition, the deviation of the values from the trendline, shows itself as a scattering point, meaning that despite the bias correction there are some values for which an adequate approach cannot be achieved (Figure 12).



It was determined that this situation occurred in direct proportion to the R values, and, accordingly, as a result of the DAR method, the most suitable station match for moving to the nearest station was 1930–1907, and the least compatible match was 1927–1907. The results of RMSE and MAE evaluation criteria in terms of the SDI analysis in the DAR method are given in Figure 13. As seen from this figure, the fact that the selected stations were closer to the target station D19A07 ensured that the error rate in the index values was less. While the highest error values were determined at station D19A027, the least error was obtained with data from station D19A030. Determining the mean flow values of the ϕ and K coefficients because of bias correction significantly reduced these deviations [16,17].



Contour mappings were created between the target station SDI and the index values generated by the flow rates (Figure 14).



Examining these graphs shows good consistency, especially in the values representing the dry periods. The correlation between the data in terms of the wet periods was lower. It is mentioned that the normal ratio method can be evaluated in addition to the arithmetic average, inverse distance technique, coefficient of correlation techniques and artificial intelligence applications in terms of completing the missing flow data in many studies in the literature [10,38]. Similar to the normal ratio method, within the scope of this study, the applicability of the DAR method was evaluated. In addition to the streamflow drought index, there are different drought indices in the literature, such as the standardized runoff index (SRI), standardized streamflow index (SSI) and low flow index (LFI), in which streamflow data are used. Although statistical distributions usually change within these calculations, there may also be cases where low flows are evaluated [39,40,41]. In the following years, studies using these drought index can be performed.




4. Conclusions


In this study, the data from six different streamflow gauge stations (SGSs) located in the Asi River sub-basin, where there are fertile plains and intense agricultural activities in Turkey, were used to transfer the data to other observation stations. The average monthly data from the selected stations between the years 2000 and 2011 were used. The obtained results were compared with the original data of the transferred stations, and the ability of the method to converge to the existing data was investigated. In addition, bias correction was applied to these data, and the effect on the transferred data was examined. Although there are many studies in the literature that used the DAR and SDI methods, there are no studies evaluating both methods together. Therefore, it is thought that the obtained results in this study will make positive contributions to the published literature. In recent years, studies of the region’s meteorological and agricultural drought effects have been notable. Therefore, in terms of the analysis of the accuracy of the method, the streamflow drought index’s (SDI) application—one of the hydrological indexes—was performed over a 12 month timescale.



Considering the data transferred directly to the target stations in proportion to their area because of this study, a significant divergence from the original values stands out. However, it is striking that the flow rates converged to the target station data when correction was applied. The proximity of the existing stations to each other produced very highly correlated results, both in the direct transfer process and when the correction was applied. Similarly, in terms of the drought index calculations, correlation values close to 97% were seen in the original and transferred flow rates. It can be stated that dry periods produced more consistent results than humid periods. When the evaluation criteria, namely, RMSE and MAE, were examined, the obtained error rates were quite similar to the results for the dry and wet periods. Moreover, time-varying contour mappings were created for the target station values where the highest agreement was observed. It is possible to say that there was a good consistency in the values representing the dry periods on the maps, whereas the correlation was lower in the wet periods. In considering the effective management stages of the water resources, it can be predicted that the transportation of the basin-based observation station data, by making corrections according to the drainage areas, will have positive contributions, especially in the design of hydraulic structures and cost calculations. It is thought that the practical application of these methods will have a favorable impact on decision-making processes for drought and flow hydrological studies. In the following years, many studies can be carried out in which various hydrometeorological variables of water collection basins and new transfer methods will be researched with an integrated approach. In particular, different streamflow transfer and drought index methods can be focused on issues, such as low flows threshold value, volume, length, and duration period.
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Figure 2. Temporal changes in the streamflow values for the number 1906 SGS. (a) 1926 to 1906, (b)1927 to 1906, (c) 1928 to 1906, (d) 1930 to 1906. 
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Figure 3. Temporal changes in the streamflow values for the number 1907 SGS. (a) 1926 to 1907, (b)1927 to 1907, (c) 1928 to 1907, (d) 1930 to 1907. 
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Figure 4. Flow duration curves for the number 1906 SGS. (a) 1926 to 1906, (b)1927 to 1906, (c) 1928 to 1906, (d) 1930 to 1906. 
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Figure 5. Flow duration curve for the number 1907 SGS. (a) 1926 to 1907, (b)1927 to 1907, (c) 1928 to 1907, (d) 1930 to 1907. 
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Figure 6. Correlation plot between the original and bias-corrected values for the number 1906 and 1907 SGSs. (a) 1926 to 1906, (b) 1927 to 1906, (c) 1928 to 1906, (d) 1930 to 1906, (e) 1926 to 1907, (f)1927 to 1907, (g) 1928 to 1907, (h) 1930 to 1907. Linear regression line represented with grey, x=y graph represented with black colored line. 
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Figure 7. RMSE and MAE values in the transfer cases for applying bias correction. (a) RMSE results, (b) MAE results. 
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Figure 8. Obtained SDI-12 values for the transfer cases to the target SGSs. (a) 1926 and 1906, (b) 1927 and 1906, (c) 1928 and 1906, (d) 1930 and 1906, (e) 1926 and 1907, (f) 1927 and 1907, (g) 1928 and 1907, (h) 1930 and 1907. 
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Figure 9. Scatter plots of SDI-12 values. (a) 1926 and 1906, (b) 1927 and 1906, (c) 1928 and 1906, (d) 1930 and 1906, (e) 1926 and 1907, (f) 1927 and 1907, (g) 1928 and 1907, (h) 1930 and 1907. 
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Figure 10. The mean annual SDI values for the raw (original) data and the other station data with bias correction. (a) 1906 comparisons, (b) 1907 comparisons. 
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Figure 11. Frequency values for the raw (original) and transferred to the other station data with bias correction. (a) 1926 and 1906, (b) 1927 and 1906, (c) 1928 and 1906, (d) 1930 and 1906, (e) 1926 and 1907, (f) 1927 and 1907, (g) 1928 and 1907, (h) 1930 and 1907. 
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Figure 12. Raw and bias-corrected SDI values comparison. (a) 1926 and 1906, (b) 1927 and 1906, (c) 1928 and 1906, (d) 1930 and 1906, (e) 1926 and 1907, (f)1927 and 1907, (g) 1928 and 1907, (h) 1930 and 1907. Linear regression line represented with yellow line. 
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Figure 13. RMSE and MAE values for the SDI results. (a) RMSE results, (b) MAE results. 






Figure 13. RMSE and MAE values for the SDI results. (a) RMSE results, (b) MAE results.



[image: Water 15 00425 g013]







[image: Water 15 00425 g014 550] 





Figure 14. Contour maps for the 1907 SGS raw data, the SDI results with the original values and the SDI values with the transferred flow data. (a) 1907 and 1930 3D Mesh graph over time, (b) 1907 and 1930 contour graph over time. 
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Table 1. SGSs general information [33].
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	Station No.
	Latitude (N)
	Longitude (E)
	Drainage Area (km2)





	D19A026 (1926)
	36°57′03″
	33°02′11″
	2689.2



	D19A027 (1927)
	36°39′34″
	34°00′02″
	1005.2



	D19A028 (1928)
	36°10′32″
	32°23′44″
	313.2



	D19A030 (1930)
	36°10′32″
	32°23′44″
	313.2



	1906
	36°10′32″
	32°23′44″
	313.2



	1907
	36°10′32″
	32°23′44″
	313.2
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Table 2. Drought classification [23].






Table 2. Drought classification [23].





	Index Value
	Category





	SDI ≤ −2
	Extreme drought



	−2 < SDI ≤ −1.5
	Severe drought



	−1.5 < SDI ≤ −1
	Moderate drought



	−1 < SDI ≤ 0
	Mild drought



	0 < SDI ≤ 1
	Mildly wet



	1 < SDI ≤ 1.5
	Moderately wet



	1.5 < SDI ≤ 2
	Severely wet



	SDI > 2
	Extremely wet
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