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Abstract

:

Tropical rivers and wetlands are recognized as one of the greatest and most abundant ecosystems in terms of ecological and social benefits. However, climate change, damming, overfishing, water pollution, and the introduction of exotic species threaten these ecosystems, which puts about 65% of river flow and aquatic ecosystems under a moderate to high level of threat. This paper aims to assess the environmental flow of the Selangor River based on the hydrological index method using the Global Environmental Flow Calculator (GEFC) and Indicators of Hydrological Alterations (IHA) software. The daily flow data collected by the Department of Irrigation and Drainage (DID), Malaysia, over a 60-year period (1960–2020) was used in this study to assess the Selangor River flow alterations. As per the results, the river flow has had two distinct periods over the last 60 years. In the first period, the river flows without any alteration and has a natural flow with high flood pulses and low flow pulses. While in the second, or post-impact, period, the flow of the river has a steady condition throughout the year with very little fluctuations between the dry and wet seasons of the year. From the overall comparison of the pre- and post-impact periods, it can be concluded that the minimum flow in the dry seasons of the year has increased, while the maximum flow has decreased in the monsoon seasons during the post-impact period. As a result, the Flow Duration Curve (FDC) and Environmental Management Class (EMC) analysis of the river flow recommends that the Selangor River be managed under EMC “C” to provide sufficient water for both human use and ecosystem conservation, which would also help to avoid a water level drop in the reservoirs. However, further holistic studies are suggested for a detailed analysis of the effects of the dams on aquatic biodiversity and ecosystem services in the Selangor River Basin.
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1. Introduction


Tropical rivers and wetlands are recognized as one of the greatest and most abundant ecosystems in terms of ecological and social benefits. However, most tropical river basins are facing the challenges of rapid development upstream, which pose the threat of drought downstream [1], and this could be intensified due to climate change [2]. Climate change, damming, overfishing, water pollution, and the introduction of exotic species are among the factors that threaten these ecosystems, which puts about 65 percent of river flow and aquatic ecosystems under a moderate to high level of threat [3]. Meanwhile, the conservation of biodiversity in rivers and their riparian areas are intricately linked to human society and socioeconomic activities [4]. The number of large dams has increased to over 50,000 over the last few decades, and they manage more than half of the world’s rivers [5], creating a cumulative storage capacity of around 6197 km3 [6]. The construction of large dams and reservoirs is seen as a development action; thus, it is growing and increasing the pressure on biodiversity-rich hotspots. The Amazon basin is an example of these affected areas, which together have 416 commissioned and 334 planned hydroelectric power plants [7]. These alterations can directly affect the production of fish by restricting fish migrations through a reduction in the duration and range of annual floods [2]. Flooding can encourage the reproduction of some lowland and tropical fish because many of them have adjusted their gonads to breed at the beginning of flood to allow their eggs to float in floodplain areas to increase the chance of offspring survival. Moreover, fishery yield is positively influenced by the height, duration, and occurrence of high flood pulses. Meanwhile, damming could reduce flooding, leading to the reduction of flow, which also decreases flooding areas. Therefore, the above-mentioned positive impacts of high flood pulses would vanish under unsustainable actions, making the area inaccessible for the spawning of offspring [8].



Recently, Malaysia has been recognized as one of the fastest urbanizing nations in the world, which has caused severe flash floods in the country. The significant changes to the hydrological and hydraulic characteristics of catchments are due to paved areas in urban areas. Therefore, the frequency of flash floods is increasing year by year [9]. On the other hand, rapid flow and disturbance of hydrological characteristics also lead to droughts and water deficit, which causes freshwater shortages in many parts of the country [10]. Deforestation is also pointed to by researchers as one of the activities necessitated by increased urbanization. The rate of deforestation in Malaysia is about 96,000 ha per year, which is higher than other tropical countries in the world. Between 1990 and 2010, a total of 8.6% of the forest cover was removed. Industrial and economic growth has been highlighted as the main driver of forest cover removal in the country [11].



The summative impacts of these environmental concerns may affect the water supply, agriculture, and economic activities and threaten ecosystem services such as fishing. As a consequence, the livelihood and food security of millions of people would be disrupted at the watershed level [12].



Flow regime alteration, water extraction, and hydraulic infrastructure has resulted in a decline in riverine habitats and wetlands, as well as the loss of freshwater biodiversity, which has led to the emergence of environmental flow [13]. One of the proposed approaches to mitigate the adverse impacts of flow alteration through dams and other human-induced modifications is to define environmental flow while controlling the magnitude and timing of flow release for environmental conservation [1]. Environmental flow assessment began in the 1940s in the United States of America for the assessment of snowmelt rivers where sufficient river flow was needed to conserve valuable cold-water fish [14]. This study will discuss the importance of environmental flow for a modified tropical river system, which will create the basis for future researchers to work more holistically on the issue.



The main objective of the present study is to assess the environmental flow of the Selangor River based on fundamental environmental flow assessment approaches and the hydrological rating method by using GEFC and IHA software.




2. Materials and Methods


2.1. Study Area


This study was conducted in the Selangor River basin, located 3°21′00″ N and 101°13′59″ E in the state of Selangor, which is the western state of Peninsular Malaysia (Figure 1). The basin provides about 60% of the water consumed in the State of Selangor and the Federal Territory of Kuala Lumpur, which makes it the largest water resource for the mentioned areas [15]. There are two water supply dams within the Selangor basin, namely the Tinggi and Selangor Dams, constructed in 1996 and 2002, respectively [16]. The total watershed area of the Selangor River is about 1820 km2 [17], a large part (70%) of which is under forests, while the remaining is under palm oil, rubber, maize, paddy, and vegetable cultivation [18]. The mean that annual rainfall varies from 2400 mm to 3000 mm; the wet seasons occur during the southwest monsoon from April to May and the northeast monsoon from October to December, while the dry seasons occur in January to March and June to September. Although the basin receives abundant rainfall, drought is still a frequently occurring phenomenon [19]. Because the wastewater produced by industries, poultry farms, and municipal use is loaded into Selangor River, the quality of water has decreased downstream of the river. As a result, it has created huge problems for the aquatic environment [20].




2.2. Data Collection


The hydrological data of the Selangor River basin were collected from the Department of Irrigation and Drainage (DID), Malaysia. The Selangor River is located in the northern part of the Selangor State and flows in a southwest direction [21]. The main objective of the selection of the study site was to assess the flow of the river downstream of the Selangor Dam, using the fundamental environmental flow assessment approach of the hydrological index method. The river basin is altered due to agricultural, economic, urbanization, and land-use changes and activities [17]. The Selangor River is mainly used for domestic and municipal services, because about 60% of the water supply for the Selangor State and the Federal Capital (Kuala Lumpur) is diverted from the river [15]. However, the river basin is facing some disturbances from human activities; therefore, to address these alterations and their effects on the natural flow of the river, this study is essential. The hydrological data collected from the DID was tabulated and analyzed accordingly.



2.2.1. Precipitation


Understanding the characteristics of precipitation, including the frequency, intensity, and duration of precipitation events is essential for the projection of future changes in a continually warming world. Heavy rainfall can generate floods, soil erosion, landslides, crop failure, runoff pollution, and the outbreak of waterborne diseases, which can pose threats to natural ecosystems and human society [22]. The collection of reliable and accurate data on precipitation, which is provided relatively accurately by rain gauges, is not only essential for the estimation of rainfall, but also for the management of water resources [23]. The daily and monthly precipitation data of the Selangor River were obtained from the DID. The datasets are up-to-date and cover the interval between 1994 and 2020. To analyze the data, the 3610001 Sg. Haji Dorani Station was selected, as the station covered more years of data compared to other stations. This data was sorted and tabulated by using MS Excel and was then analyzed accordingly.



It is worth mentioning that the Mann–Kendal test and Sen’s slop estimator was also used for trend analysis of the precipitation of the area.




2.2.2. River Flow


The flow regime is believed to be an assembly of multivariate flow properties. Flow magnitude, frequency, duration, and timing of a particular flow are the basic characteristics of the flow [24]. In this study, the daily river flow data of the Rantau Panjang, Kg. Timah, and Ampang Pecah Stations of the Selangor River, collected from DID, were used. The datasets are up-to-date and cover the overall interval of 1960 to 2020. The data were sorted using MS Excel, and then analyzed using GEFC and IHA software. To achieve the intended objective, the Flow Duration Curve-Environmental Management Class (FDC-EMC) desktop approach on hydrological data was used to estimate the environmental flow at the selected site of the Selangor River. Furthermore, IHA analysis was also conducted to assess the condition of the Selangor River for the support of associated ecosystems.






3. Results


3.1. Precipitation


The precipitation data from 3610001 Sg. Haji Dorani Station was analyzed using XLSTAT. Figure 2 shows the annual total precipitation at 3610001 Sg. Haji Dorani Station of the Selangor River Basin. The figure shows the annual minimum, maximum, and mean precipitation over a period of 27 years, of which the minimum annual precipitation was 754.6 mm, which was recorded in 2005, and the maximum annual amount of precipitation was 1999 mm, which was recorded in 2009, while the annual mean precipitation is 1334.8 mm. The general trend line of precipitation shows an increase in the amount of precipitation, of which the estimated Sen’s slop is 0.1, which shows a significant positive correlation with time.



Mann-Kendall Trend and Sen’s Slope Analysis


The Mann–Kendall (MK) test is the most frequently used method for trend analysis of hydro-meteorological time series data [25]. Therefore, the descriptive statistical analysis of rainfall data was conducted using the Mann–Kendall test. The parametric central tendency parameter (mean) and standard deviation of the data is calculated as shown in Table 1. Table 1 shows that the minimum mean rainfall occurred in the months of July (2.601), June (2.695), and May (3.699), while the maximum mean rainfall occurred in the months of November (7.393), October (5.653), and December (5.334) during the last 27 years. In addition, the maximum standard deviations fall in the months of October (4.712), November (3.548), and May (3.396), while the minimum standard deviations fall in the months of July (1.284), June (1.552), and February (2.200).



The estimated Sen’s slope of rainfall is also estimated for every month separately (Figure 3), of which only three months, January (0.035), June (0.051), and October (0.173), show increasing slope magnitude. The month of December (0.001) has a steady condition and a slight change in the magnitude, while February (−0.115), March (−0.08), April (−0.086), May (−0.099), July (−0.051), August (−0.077), September (−0.202), and November (−0.065) have a decreasing slope magnitude. The computed p-value for all the months is greater than the significance level alpha = 0.05; therefore, one cannot reject the null hypothesis (H0).





3.2. River Flow


In this study, the river flow data collected by DID from 3414521 Sg. Selangor at Rantau Panjang station was analyzed using GEFC and IHA software. It is a station located downstream of the Tinggi Dam, and the reported data of this station is from the period 1960 to 2020, which covers both pre- and post-impact periods of the alteration on the Selangor River. The minimum required data length for the GEFC is 20 years; it only analyzes one period, but in this study, the entire available data was used in the GEFC analysis for accuracy purposes. Figure 4 shows the flow duration curves of the river flow under different management classes, while Figure 5 shows the monthly time series of the reference flow of the river, which reveals that the river flow shows a gradual decrease after the hydrological alteration on the river. The GEFC uses monthly time series data for the estimation of environmental flow and reflects unregulated flow conditions; its related FDC is a cumulative distribution function of flows. There are 17 percentage points on the “X” axis to show the FDC, while there are six EM classes, ranging from Natural to Critically Modified situations, which are shown by their unique FDCs in Figure 4 and Table 2. The higher the EM class, the more water is needed for ecosystem conservation. Each EM class is an effective E-Flow scenario, while the selection of the best and most appropriate EMC for a river are based on expert opinion [26]. Figure 5 shows the monthly river flow time series of the study area. The trend line of the mentioned graph shows a steady situation in the pre-impact period (1960–2002), while there is a slight decrease in the river flows in the post-impact period (2002–2020). The decadal mean of the river flow from 1960 to 2020 is 63.96 MCM, 55.61 MCM, 57.16 MCM, 52.18 MCM, 56.56 MCM, and 54.87 MCM, respectively.



Figure 5 show the management classes of the modified flow.



Table 2 and Figure 6 show the different Environmental Management Classes of the river flow. As EMC “A” is very close to the natural flow, it is not the best choice for the Selangor River, as it may create too many restrictions on river management activities; thus, the water demand for different purposes, such as water supply and irrigation, would face several problems, and the water demanded by different sectors could not be allocated with ease. The EMCs “D”, “E”, and “F” are very low flow situations. None of them is recommended because they would severely affect the aquatic ecosystem and water quality. In the remaining EMCs (“B” and “C”), the lowest flow of EMC “B” is 8.83 MCM (3.62 m3/s) and for EMC “C” it is 8.15 MCM (3.35 m3/s), while the highest flow is 418 MCM (115.5 m3/s) for EMC “B” and 308 MCM (98.09 m3/s) for EMC “C”. Therefore, the recommended EMC is “C”, and “B” is not recommended because the difference between “A” and “B” is small and, in the long term, EMC “B” might create problems for the water allocation of different economically and socially developing sectors in the area. This would also help to reduce the risk of water level drops in the dams on the Selangor River [27].



The water flow data of the mentioned stations of the Selangor River were also analyzed with IHA software. The first step of data analysis through IHA is to define a series of hydrological data, then the data will be analyzed through a wizard process of four steps, which include: definition of the data series, calculation of hydrologic attributes, computing inter-annual statistics, and calculation of IHA values [28]. The 33 ecologically relevant hydrologic parameters [29] analyzed for each year of the pre-impact and post-impact periods are shown in Table 3.



Table 4 is the IHA analyzed scorecard table of the Selangor River, which can be illustrated as: Columns 1 and 2 of the table show the median for both pre- and post-impact periods, and in Columns 3 and 4 the coefficient of dispersion (CD) is shown for each period and can be calculated as:


  C D =     75 t h   P e r c e n t i l e − 25 t h   P e r c e n t i l e     50 t h   P e r c e n t i l e    



(1)







The deviation factor (DF) of the post-impact period from the pre-impact period is shown in Columns 5 and 6 and is calculated as;


  D F =     P o s t   i m p a c t   v a l u e − P r e   i m p a c t   v a l u e     P r e   i m p a c t   v a l u e    



(2)







The “Significance Count” is shown by Columns 7 and 8 for the deviation values. The range of values for significance count is (0–1), so the definition of low significance count is that the difference between the pre- and post-impact periods is highly significant, while if the value of significance count is near to 1, there is little difference between the pre-impact and post-impact periods [30]. The significance count in the dry periods of the year in the Selangor River is near to 0, while in the monsoon periods it is near to 1, which shows the abundance of water flow during monsoon for both pre-impact and post-impact periods, and was thus impacted little by the dams and alterations. Nevertheless, there were severe impacts in the dry periods of the year, which showed a further decrease of water flow downstream of the river. However, the median flow of the river for both pre-impact and post-impact in the rainy and dry seasons also varies. For example, the median flow in November for the post-impact period is higher than the pre-impact period, and in February and March the post-impact flow is less than the pre-impact flow, whereas in August and September, the post-impact flow is higher than the pre-impact period.



Figure 7 shows the pre- and post-impact FDCs of the Selangor river. The figure clearly indicates that both pre- and post-impact FDCs are running in the same direction and along the same trend line, but the percentage of flow exceeded is slightly higher in the post-impact period compared to the pre-impact period. This reveals that the presence of surface water storage has had positive impacts on the river flow and supports the river flow in critical conditions [31]. The minimum amount of flow, or 99.9% exceedance flow, in the pre-impact period is 0.69 m3/sec, while the post-impact period is 6.16 m3/sec in the Selangor River. Moreover, the minimum and maximum flow of the river is also regulated by the damming of the river. Therefore, the minimum flow was increased and the maximum flow was decreased compared to the pre-impact period, as stated in Table 5. The positive impacts of dams are clear to see in the dry period of the year.





4. Discussion


The dynamics of climate, energy balance, and morphological conditions in the runoff process lead to the formation of rivers. This will result in a dynamic system where the conditions vary geographically over time. Therefore, the periodic assessment of the hydrological regime of rivers is essential for their monitoring and rehabilitation or identification of newly affected areas [32]. River flow is positively correlated with precipitation, especially in tropical rivers where the rivers are directly fed by rainfall. In natural conditions, the river flow follows the rainfall trend, and the highest runoff occurs during the monsoon season; however, hydrological alterations may affect these conditions.



The latest 27-year precipitation data of the Sg. Haji Dorani Station of the Selangor River Basin has been analyzed and is shown in Figure 2. The overall mean precipitation over the 27 years was 1334.81 mm, while the first 10-year mean was 1183.92 mm, the second 10-year mean was 1426.31 mm, and the latest decade’s mean precipitation was 1403.05 mm. This shows a gradual increase in precipitation (as shown by the precipitation trend line) due to climate change [33] over the last three decades, specifically in the last 10 years. The minimum rainfall occurs in July, while the maximum is in November, while the standard deviation calculated through the MK test using XLSTAT shows that July and June have predominantly dry conditions where the minimum rainfall conditions are maintained. On the other hand, the wettest months of the year, October and November, have the maximum standard deviations, which shows both the maximum and minimum rainfall with fluctuating conditions in these months.



Figure 5 shows the river flow regime over a 60-year period. The cumulative mean annual river flow in these 60 years was 56.74 MCM, of which the first 10-year (1960–1969) mean annual river flow was 63.96 MCM, the second 10-year (1970–1979) mean annual river flow was 55.61 MCM, the third 10-year (1980–1989) mean annual river flow was 57.16 MCM, the fourth 10-year (1990–1999) mean annual river flow was 52.18 MCM, the fifth 10-year (2000–2009) mean annual river flow was 56.56 MCM, and the latest decade’s mean annual river flow was 54.87 MCM. This shows fluctuations due to different possible causes before the construction of the dams, while the river flow has had a steady state since the dams’ construction on the river.



The seventeen fixed points of discharges of probability distribution were used to calculate the Flow Duration Curves of different Environmental Management Classes (EMCs) of the Selangor River, as shown in Figure 4. The FDC shows that 0.01% has the highest probability for all EMCs, while 99.99% was the lowest flow for all EMCs.



Table 4 shows the scorecard table of the river, analyzed by IHA. The table shows 33 different hydrological parameters of the river flow. The water flows downstream are positively affected by the upstream alterations; the water flow in dry months of the year for the post-impact period is increased and the water flow of the river is slightly decreased in the rainy seasons of the year. The comparison of flow duration curves represented in Figure 7 shows that the river flow is well managed by the reservoirs, which has kept the FDC higher compared to the FDC of the pre-impact period. However, some fluctuations in the FDC can still be noted.; compared to the pre-impact period, the FDC has no fluctuations and is running very smoothly for the entire period, except for in the minimum flow situations, where it suddenly drops. In addition, the minimum river flow is increased while the maximum river flow is decreased in the post-impact period, which also indicates the effects of the reservoirs on the river flow. The lack of detailed analysis of aquatic habitat and ecosystem services of the hydrological index method have led to the establishment of habitat simulation and holistic approaches of EFA; therefore, to understand more about the dams’ effects on the aquatic habitat and ecosystem services of the Selangor River basin, further holistic studies are suggested.




5. Conclusions


Tropical rivers are recognized as one of the most important and abundant ecosystems due to their ecological and social benefits. However, many of them have been turned into biological hotspots due to rapid land-use changes resulting from deforestation and urbanization. Malaysia, as one of the fastest-growing economies, is heading towards deforestation and urbanization that threatens the aquatic ecosystems of local rivers. Selangor River, which provides drinking water for more than eight million people, should be given particular attention. The river has been altered, both quantitatively and qualitatively. Despite heavy rainfall, the river experiences frequent droughts. This study assessed the environmental flow status of the Selangor River using GEFC and IHA software by analyzing the precipitation and flow regime of the river. The general precipitation trend line shows an increase in the amount of precipitation but, when further analyzed, this increase is seen in June and October. Over the remaining ten months of the year, only December has a steady rainfall where neither a decrease nor an increase is noted in its trend line slope, while the remaining nine months of the year have a vigorously decreasing trend line. The minimum and maximum river flows have been regulated by damming the river, as the minimum flow has increased and the maximum flow has decreased compared to the pre-impact period. However, further holistic studies are recommended for a detailed analysis of the effects of the dams on the aquatic biodiversity and ecosystem services of the Selangor River Basin.
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Figure 1. The geographic location of Selangor River Basin. 
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Figure 2. Annual Total Precipitation at Sg. Haji Dorani Station of Selangor River. 
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Figure 3. Monthly Mean Rainfall Trend Analysis. 
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Figure 4. GEFC analyzed FDCs under different EMCs. 
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Figure 5. GEFC analyzed Monthly Time Series. 
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Figure 6. GEFC analyzed Environmental Management Classes under different degrees of modifications. 
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Figure 7. IHA analyzed Annual Flow Duration Curves of pre- and post-impact. 
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Table 1. Statistical Analysis of Rainfall Data with Mann–Kendall Test.
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	Variable
	Observations
	Obs. with Missing Data
	Obs. without Missing Data
	Minimum
	Maximum
	Mean
	Std. Deviation





	January
	27
	0
	27
	0.065
	16.077
	4.750
	2.903



	February
	27
	0
	27
	0.619
	8.984
	3.880
	2.200



	March
	27
	0
	27
	0.758
	11.832
	4.215
	2.396



	April
	27
	0
	27
	0.532
	8.167
	3.839
	2.089



	May
	27
	0
	27
	0.167
	13.168
	3.699
	3.396



	June
	27
	0
	27
	0.300
	6.259
	2.695
	1.552



	July
	27
	0
	27
	0.000
	4.935
	2.601
	1.284



	August
	27
	0
	27
	0.000
	8.637
	4.093
	2.219



	September
	27
	0
	27
	0.333
	16.500
	4.079
	3.380



	October
	27
	0
	27
	0.442
	26.883
	5.653
	4.712



	November
	27
	0
	27
	1.500
	17.433
	7.393
	3.548



	December
	27
	0
	27
	0.043
	12.946
	5.334
	2.567










[image: Table] 





Table 2. Environmental Management Classes of the Selangor River.
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	%
	Reference Flow
	Natural Flow
	Slightly Modified
	Moderately Modified
	Largely Modified
	Seriously Modified
	Critically Modified





	0.01
	602
	565
	418
	308
	265
	212
	175



	0.1
	565
	418
	308
	265
	212
	175
	153



	1
	418
	308
	265
	212
	175
	153
	132



	5
	308
	265
	212
	175
	153
	132
	113



	10
	265
	212
	175
	153
	132
	113
	96.9



	20
	212
	175
	153
	132
	113
	96.9
	79.4



	30
	175
	153
	132
	113
	96.9
	79.4
	63.2



	40
	153
	132
	113
	96.9
	79.4
	63.2
	51.6



	50
	132
	113
	96.9
	79.4
	63.2
	51.6
	23.8



	60
	113
	96.9
	79.4
	63.2
	51.6
	23.8
	11.2



	70
	96.9
	79.4
	63.2
	51.6
	23.8
	11.2
	10.3



	80
	79.4
	63.2
	51.6
	23.8
	11.2
	10.3
	9.56



	90
	63.2
	51.6
	23.8
	11.2
	10.3
	9.56
	8.83



	95
	51.6
	23.8
	11.2
	10.3
	9.56
	8.83
	8.15



	99
	23.8
	11.2
	10.3
	9.56
	8.83
	8.15
	7.53



	99.9
	11.2
	10.3
	9.56
	8.83
	8.15
	7.53
	6.96



	99.99
	10.3
	9.56
	8.83
	8.15
	7.53
	6.96
	6.43
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Table 3. Summary of hydrologic parameters analyzed by Indicators of Hydrologic Alteration.
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IHA Statistics Group

	
Hydrologic Parameters






	
Group 1: Magnitude of monthly water conditions

	
Mean/Median value for each calendar month




	
Group 2: Magnitude and duration of annual extreme water conditions

	
1-day minimum




	
3-day minimum




	
7-day minimum




	
30-day minimum




	
90-day minimum




	
1-day maximum




	
3-day maximum




	
7-day maximum




	
30-day maximum




	
90-day maximum




	
Number of zero days




	
Base flow index




	
Group 3: Timing of annual extreme water conditions

	
Date of minimum




	
Date of maximum




	
Group 4: Frequency and duration of low and high flow pulses

	
Low pulse count




	
Low pulse duration




	
High pulse count




	
High pulse duration




	
The low pulse threshold




	
The high pulse threshold




	
Group 5: Rate and frequency of water condition changes

	
Rise rate




	
Fall rate
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Table 4. Scorecard table of IHA analysis at Selangor River.
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Medians

	
Coeff. of Disp.

	
Deviation Factor

	
Significance Count




	

	
Pre

	
Post

	
Pre

	
Post

	
Medians

	
C.D.

	
Medians

	
C.D.






	
Parameter Group #1: Monthly Magnitude




	
January

	
44.52

	
39.84

	
0.7588

	
0.4528

	
0.105

	
0.4032

	
0.2883

	
0.4434




	
February

	
36.03

	
33.95

	
0.7618

	
0.3758

	
0.05793

	
0.5067

	
0.5926

	
0.04304




	
March

	
42.68

	
34.02

	
0.6777

	
0.43

	
0.2029

	
0.3654

	
0.2933

	
0.2182




	
April

	
63.45

	
57.1

	
0.5122

	
0.6723

	
0.1001

	
0.3126

	
0.5045

	
0.3483




	
May

	
56.98

	
47.14

	
0.7597

	
0.6438

	
0.1726

	
0.1525

	
0.1992

	
0.7057




	
June

	
37.35

	
36.23

	
0.6691

	
0.6352

	
0.03014

	
0.05061

	
0.5966

	
0.8989




	
July

	
28.76

	
32.61

	
0.4799

	
0.3266

	
0.1341

	
0.3195

	
0.1361

	
0.5896




	
August

	
22.05

	
33.12

	
0.5527

	
0.42

	
0.5024

	
0.2401

	
0.002002

	
0.4104




	
September

	
32.53

	
35.98

	
1.026

	
0.4838

	
0.1059

	
0.5284

	
0.3524

	
0.06106




	
October

	
53.17

	
53.52

	
0.8087

	
0.8391

	
0.006583

	
0.03765

	
0.9019

	
0.8859




	
November

	
84.46

	
91.75

	
0.6123

	
0.5431

	
0.08622

	
0.1131

	
0.6196

	
0.7397




	
December

	
81.18

	
57.13

	
0.6228

	
0.6037

	
0.2962

	
0.03059

	
0.1441

	
0.9069




	
Parameter Group #2: Magnitude and duration of annual extremes




	
1-day minimum

	
15.93

	
23.75

	
0.6438

	
0.3903

	
0.4914

	
0.3937

	
0.00

	
0.3904




	
3-day minimum

	
16.27

	
25.03

	
0.5473

	
0.3562

	
0.5383

	
0.3492

	
0.00

	
0.2192




	
7-day minimum

	
17.11

	
25.48

	
0.5113

	
0.2283

	
0.489

	
0.5534

	
0.00

	
0.08809




	
30-day minimum

	
21.43

	
29.43

	
0.4248

	
0.2963

	
0.3732

	
0.3025

	
0.002002

	
0.3514




	
90-day minimum

	
28.85

	
34.46

	
0.5343

	
0.3421

	
0.1944

	
0.3597

	
0.05405

	
0.3283




	
1-day maximum

	
200

	
233.4

	
0.2899

	
0.3901

	
0.1672

	
0.3456

	
0.008008

	
0.3163




	
3-day maximum

	
177.9

	
188.3

	
0.3241

	
0.4233

	
0.05839

	
0.3061

	
0.3724

	
0.4454




	
7-day maximum

	
156.7

	
156.5

	
0.3005

	
0.5082

	
0.001336

	
0.6913

	
0.8969

	
0.08809




	
30-day maximum

	
121.1

	
105.2

	
0.2941

	
0.3893

	
0.1313

	
0.3239

	
0.1672

	
0.4044




	
90-day maximum

	
89.44

	
83.72

	
0.381

	
0.3276

	
0.06392

	
0.1403

	
0.4074

	
0.5936




	
Number of zero days

	
0

	
0

	
0

	
0

	

	

	

	




	
Base flow index

	
0.3295

	
0.454

	
0.5157

	
0.3204

	
0.3779

	
0.3787

	
0.00

	
0.4004




	
Parameter Group #3: Timing of annual extremes




	
Date of minimum

	
236

	
183

	
0.166

	
0.4754

	
0.2896

	
1.864

	
0.01902

	
0.01602




	
Date of maximum

	
324.5

	
311

	
0.151

	
0.4481

	
0.07377

	
1.968

	
0.2392

	
0.1872




	
Parameter Group #4: Frequency and duration of high and low flow pulses




	
Low pulse count

	
14

	
14

	
0.6786

	
1.429

	
0

	
1.105

	
0.6486

	
0.03303




	
Low pulse duration

	
3

	
2

	
0.6667

	
1.125

	
0.3333

	
0.6875

	
0.05005

	
0.2192




	
High pulse count

	
15

	
22

	
0.5333

	
0.5455

	
0.4667

	
0.02273

	
0.00

	
0.967




	
High pulse duration

	
3

	
2

	
0.6667

	
0.5

	
0.3333

	
0.25

	
0.1431

	
0.6336




	
Low Pulse Threshold

	
27.31

	

	

	

	

	

	

	




	
High Pulse Threshold

	
74.44

	

	

	

	

	

	

	




	
Parameter Group #5: Rate and frequency of change in conditions




	
Rise rate

	
5.953

	
6.38

	
0.5111

	
0.5384

	
0.07182

	
0.05336

	
0.4384

	
0.8909




	
Fall rate

	
−3.45

	
−6.29

	
−0.3902

	
−0.5334

	
0.8232

	
0.3669

	
0.00

	
0.4765




	
Number of reversals

	
131

	
162

	
0.1756

	
0.321

	
0.2366

	
0.8282

	
0.00

	
0.1131
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Table 5. Comparison of Min, Max, and Median flows in pre- and post-impact periods.
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Pre-Impact Period: 1979–2002

	
Post-Impact Period: 2003–2015




	

	
Medians

	
Coeff. of Dispersion

	
Minimum

	
Maximum

	
Medians

	
Coeff. of Dispersion

	
Minimum

	
Maximum




	






	
January

	
40.48

	
0.6131

	
18.91

	
123

	
39.84

	
0.3746

	
24.96

	
52.86




	
February

	
36.93

	
0.7763

	
15.7

	
112.4

	
33.95

	
0.3696

	
21.53

	
74.63




	
March

	
41.57

	
0.795

	
15.18

	
88.76

	
37.81

	
0.4839

	
19.27

	
89.44




	
April

	
62.91

	
0.5166

	
17.17

	
112.7

	
63.6

	
0.3891

	
31.56

	
79.66




	
May

	
55.97

	
0.5787

	
20.58

	
109.9

	
53.35

	
0.7352

	
23.9

	
92.38




	
June

	
37.72

	
0.621

	
13.43

	
73.37

	
36.03

	
0.9611

	
21.17

	
87.69




	
July

	
29.03

	
0.5463

	
3.9

	
71.01

	
33.8

	
0.4734

	
24.62

	
87.5




	
August

	
22.37

	
0.7821

	
6.42

	
81.66

	
35.41

	
0.4722

	
20.22

	
87.29




	
September

	
33.72

	
0.9031

	
9.375

	
113.9

	
37.77

	
0.8595

	
23.95

	
102.4




	
October

	
52.31

	
0.6645

	
11.92

	
123.3

	
57.31

	
0.7847

	
33.41

	
97.94




	
November

	
89.53

	
0.5315

	
29.14

	
153.6

	
97.91

	
0.5943

	
43.58

	
203




	
December

	
62.14

	
0.8773

	
14.49

	
125.3

	
54.77

	
0.5684

	
46.4

	
98.1
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