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Introduction

Hydrological studies are useful in designing, planning, and 
managing water resources, infrastructure, and ecosystems.1 and, 
real-time flood forecasting and the construction of large structures 
can help mitigate flood and drought hazards and minimise their re-
lated losses, but the danger of these natural hazards due to their 
very extreme probability of occurrence cannot be completely avoid-
ed, and water engineers often face major challenges in estimating 

the frequency of these rare events for a site or region,1 besides that 
periods of low flow may be critical for the implementation of a sus-
tainable water resources management, for meeting demands for 
often competing resources and many factors can impact for a low 
flow period.2

Bloschl3 suggest that accurate estimates of stream runoff and 
other hydrologic quantities are needed for numerous purposes of 
water resources, planning and management, in particular if one is 
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interested in the spatial dimension. The most accurate way of ob-
taining such estimates at any one location is to measure them for 
an extended period of time. However, often this is not possible for 
financial or logistic reasons, or simply because one is interested in 
the future evolution of the hydrological variables. The alternative 
therefore is to estimate them from measurements at other loca-
tions in the region and transfer them, in some way, by modelling 
methods.3

The Fenton, Mount Hope River and Natchaug Rivers Watershed, 
are part of the Thames River watershed,4 these are the three ma-
jor streams that discharge into the Mansfield Hollow Lake located 
in Northeast of the State of Connecticut in USA, where there is a 
recreational facility managed by the United States Army Corps of 
Engineers.5 The Fenton River has the characteristic morphology of 
the New England Rivers and, has a few tributaries along the stream 
such as Fishers brook, Roberts brook and other unnamed tributar-
ies, resulting in rapid changes in flow and temperature in the river.6 

During low flow periods, mainly in the summer, there are prob-
lems for the fish and wildlife in the Fenton River originating in the 
water necessities of the University of Connecticut (UConn) due to 
the fact that UConn pumps water from different places along the 
Fenton River; this water pumped has an impact directly on the 
stream flow of the Fenton River, creating unfavorable low flows and 
high temperatures for the fish and wildlife along the river.6

The Fenton River Project from 2002 to 2006, was created to 
know accurately the water balance in the Fenton River, the stream 
flow variations, especially in the low flow period of the summer 
along the Fenton River.6 Before that, Rahn4 conducted a research 
based in the same problems related with the effects of water with-
drawals from the UConn wellfield on the flow in the Fenton River. 
Pump tests conducted using UConn’s water supply during an ex-
ceptionally low flow period in August 1966 resulted in the loss of 
surface water flow in the Fenton River in the well field area and for 
approximately 800 meters downstream6 and, were documented by 
Giddings7 in a UConn Master’s thesis. Also, there has to be taking 
in consideration that besides the low flow problems, there have 
been no continuous monitoring stream gauges located on the Fen-
ton River, prior to the UConn study. During this study, stream flow 
discharges were measured in the field using ADCP during summer 
season from 2003 to 2005 then, the USGS has been taking measure-
ments of discharges at Old Turnpike Bridge since October 2006.8 
The United States Geologic Survey (USGS) maintains a continuous 
stream gauge on the Mount Hope River at Warrenville since 1940.9 
and the Natchaug River at Marcy rd. near the town of Chaplin since 
200610 which are accessible on a real-time basis.

Langat et al.1 considered that one major problem faced by wa-
ter engineers is the determination of the most suitable form of an 

extreme value model, the underlying probability distribution of the 
flood, and the approximation of parameters of the distribution. 

Mean and minimum streamflow flood frequencies are impor-
tant for understanding the hydrological drought, monitoring the 
environmental flows, irrigation, and agriculture, and managing 
ecosystems and natural resources.1 The frequency analysis of low 
flows is used to determine whether an irrigation scheme needs 
storage or not, and for planning and designing such storage if re-
quired. However, low-flow frequency analysis has not received as 
much attention as maximum flows in recent years.1

Probability distribution models are applied in extreme flood 
analysis, drought investigations, reservoir volumes studies, and 
time-series modelling, among other various hydrological studies. 
However, the selection of the most suitable probability distribution 
and associated parameter estimation procedure, as a fundamental 
step in flood frequency analysis, has remained the most difficult 
task for many researchers and water practitioners.1

Langat et al.1 arrived to the conclusion in the The Tana River re-
search, that the Weibull, GEV, and Gumbel functions were the best-
fit functions for the prediction of annual minimum flows.1 Another 
way of showing the variation of flow is by a Low Flow Frequency 
Curve (LFFC) in which the discharge (usually average daily) in cu-
bic meters per second (cms) is plotted against the exceedance prob-
ability, that means, the percent of time that a particular discharge is 
equalled or exceeded, the usual way to construct an LFFC is to use 
all of the daily flows over the entire period of record.6

Taking in consideration thee Fenton River lack of stream flow 
measurements during the twenty century, the availability of dai-
ly stream flow measurement during a long period of time in the 
neighbors watersheds, under this hypothesis two methods were 
developed applying a Low Flow Frequency Curves and Weibull dis-
tribution in the Mount Hope River from 1940 to 2019 to estimate 
minimum flows in the Fenton and Natchaug Rivers from 2006 to 
2019. The results of the simulated discharges were compared with 
observed data from 2006 to 2019 applying coefficient of correla-
tion and the Nash – Sutcliffe model.

Methods

Characteristics of the watersheds

The Fenton River has a total length of 23km and drainage area 
of 89km2,6 as it enters Mansfield Hollow Lake and has since Oc-
tober of 2006 a gagging station for the estimation of daily stream 
flow discharges located at the bridge of Old Turnpike Road, USGS 
gage #01121330, Tolland County, Latitude 41°49'59.50", Lon-
gitude 72°14'34.01" NAD83.8 The Mount Hope River has a total 
length of 23km and a drainage area of 74.1km2 at the USGS gage 
#01121000, located at Warrenville, Latitude 41°50'37", Longitude 
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72°10'10" NAD27.9 The Natchaug River has a total length of 17km 
and a drainage area of 172.2km2 at the USGS gage # 01120790, 
located at Windham County, Latitude 41°48'58.21", Longitude 

72°06'22.21" NAD83.10 Figure 1, summarized the location of the 
Fenton, Natchaug, Mont Hope and Thames Rivers watersheds in-
side the State of Connecticut, USA.

Figure 1 a: The State of Connecticut with the west branch of the Thames River watershed.
b: Fenton, (I): Mount Hope, II: Natchaug, III: Rivers watershed.

The Fenton River has a recorded mean discharge of 0.37, mini-
mum of 0.070 and maximum of 1.61m3/s respectively.8 The Mount 
Hope River has a recorded mean discharge of 1.08, minimum 0.071 
and maximum of 6.91m3/s respectively.9 The Natchaug River has a 
recorded mean discharge of 3.40, minimum of 0.71 and a maximum 
of 16.17m3/s respectively.10 Ahearn11 estimate the 7Q10 (the low-
est 7-day average flow that occurs on average once every 10 years) 
for the Fenton, Mount Hope and Natchaug Rivers in 0.01, 0.03 and 
0.25m3/s respectively. Table 1 summarized the hydrological water-
shed characteristics.

From Table 1, it is possible to deduce that Fenton and Natchaug 
watersheds surface area are 0.64 and 2.63 times bigger than Mount 
Hope watershed and the average flow in the Fenton River is 0.34 
of the Mount Hope and in the Natchaug 3.4 times bigger. Minimum 
flow is very much alike in the Fenton and the Mount Hope Rivers, 
but Natchaug River has a minimum flow almost 10 bigger than Fen-
ton River. Table 2 shows the vegetative cover of the Mount Hope 
River watershed, percentages of land use and the stratified drift, 
calculated by Bighinatti.

Low-Flow Frequency Curves (LFFC)

For the Environmental Protection Agency (EPA) low flow is the 
"flow of water in a stream during prolonged dry weather," accord-
ing to the World Meteorological Organization.12 For this study, it 

was considered low-flow, the annual minimum daily flow for every 
watershed.
Table 1: Hydrologic watershed characteristics by river.

River Area
(Km2)

Mean
(m3/s)

7Q10
(m3/s)

Minimum 
(m3/s)

Maximum 
(m3/s)

Fenton 47.4 0.37 0.01 0.070 44.46

Mount Hope 74.1 1.08 0.03 0.076 74.76

Natchaug 172.2 3.66 0.25 0.020 151.78

Table 2: Attributes of Mount Hope River Watershed (Bighinatti 2006).

Land Use in Watershed Value Unit

Barren Land 1.4 [%]
Forest 84.4 [%]
Non-forested Vegetation 8.3 [%]
Open Water 2.1 [%]
Urban 2.8 [%]
Wetland 1.0 [%]
Stratified Drift 4.2 [%]

The Fenton, Mount Hope and Natchaug watersheds are very 
close each other; therefore they have a strong relationship.6 Sear-
cy13 presents methods for estimating a long-term LFFC at a site that 
uses either a short-term, continuous flow record or spot base flow 
measurements.6 Both methods use an “index” station, e.g. Mount 
Hope, to establish the LFFC at the short-term station, e.g. the Fen-
ton River. Both stations should be on unregulated streams with no 
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significant changes to the watershed over the period of record used. 
Searcy13 suggest additional recommendations:

1. The two gauging stations should be within 80.46 kilometers 
of each other.

2. The two gauging stations should have the same likelihood of 
receiving rain. They do not necessarily need to have concur-
rent rains.

3. A station on the same stream as the short-term station is usu-
ally a better index-station than one in another watershed.

4. The index station and the short-term station must have 
enough concurrent records to establish a useable relation.  
Use of a short-term continuous record has the advantage of 
correlating flows over a larger range which then can used to 
develop a synthetic hydrograph that includes high flows.6

Smakhtin14 suggest that unlike the LFFC, which shows the pro-
portion of time during which a flow is exceeded, a Low-flow Fre-
quency Curve (LFFC) shows the proportion of years when a flow 
is exceeded (or equivalently the average interval in years (‘return 
period’ or ‘recurrence interval’) that the river falls below a given 
discharge). LFFC is normally constructed on the basis of a series 
of annual flow minima (daily or monthly minimum discharges or 
flow volumes), which are extracted from the available original con-
tinuous flow series, one value from every year of record.14 Figure 3, 
shows the schematic of the Patching model approach.15

Weibull distribution

For Helsel and Hirsch16 the Weibull formula has long been used 
by hydrologists in the United States for plotting flow duration and 
flood-frequency curves reference for determining flood frequen-
cies in the United States (Interagency Advisory Committee on Wa-
ter Data). The Blom formula is best for comparing data quantiles to 
those of a normal distribution in probability plots, though all of the 
above formulas except the Weibull are acceptable for that purpose. 
It is used in Bulletin 17B, the standard.17

The Weibull Probability distribution function F(x) by equation 
1,1

F(x) = 1- e –(x/α)β           (1)

Where:

α: Parameter

β: Parameter

x: Variable

α, β and t > 0

The random variable 𝑋 has an inverse Weibull distribution if its
cumulative distribution function (cdf) takes the form I(p), Equation 
2:

            I(p) = α.(-Ln(1-p))(1/β)          (2)

Where:

p: Probability

Nash - Sutcliffe model

The simulated and observed discharges were compared using 
the Nash - Sutcliffe model of efficiency (Nash and Sutcliffe, 1970) 
given by Equation 3 and a linear regression. 
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Where:

Oi
Observed flows

O
Mean of observed flows

Si
Simulated flows

n Number of steps modeled

Nash–Sutcliffe (1970) efficiency can range from −∞ to 1. An ef-
ficiency of 1 (NSE=1) corresponds to a perfect match of modeled 
discharge to the observed data. An efficiency of 0 (NSE=0) indicates 
that the model predictions are as accurate as the mean of the ob-
served data, whereas an efficiency less than zero (NSE<0) occurs 
when the observed mean is a better predictor than the model or, 
in other words, when the residual variance (described by the nu-
merator in the expression above), is larger than the data variance 
(described by the denominator). Essentially, the closer the model 
efficiency is to 1, the more accurate the model is. Threshold values 
to indicate a model of sufficient quality have been suggested be-
tween 0.5<NSE<0.65.18

Results and discussion

Fenton, Mount Hope and Natchaug Rivers daily and an-
nual minimum flows relationship

Figures 2&3 shows the linear regression and the r-squared, be-
tween the daily discharges of the Mount Hope with the Fenton and 
Natchaug Rivers from 10/01/2006 to 11/30/2019.

Figures 4&5 shows the linear regression and the r- squared, 
between annual minimum discharges of the Mount Hope with the 
Fenton and Natchaug Rivers from 10/01/2006 to 11/30/2019.

Table 3, summarize the correlation coefficients r-squared be-
tween daily discharges and annual minimum discharges between 
the Fenton River and the Mount Hope and Natchaug Rivers from 
2006 to 2019.

Annual minimum discharges for the three river usually happen 
from July To October with most of the minimum are accumulated in 
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September as shows Table 4. From Table 4, it is possible to deduce 
that the Fenton, Mount hope and Natchaug Rivers have most of 
minimum of recorded discharges in the month of September, with 
8 (57% of the total), 40 (50%) and 5 (36%) events for the Fenton, 
Mount Hope and Natchaug respectively. 

Table 4 shows that the Fenton River has a distribution of mini-
mum discharges of: September, 14% in July, 14% in August, 57% in 
September and 14% in October, the Mount Hope River, 14%, 33%, 
50% and 4%, the Natchaug River 21%, 21%, 36% and 21% respec-
tively. 

Figure 2: Linear regression and r-squared between Mount Hope and Fenton Rivers daily discharges.

Figure 3: Linear regression and r-squared between the Mount Hope and Natchaug daily discharges.

Figure 5: Linear regression and r-squared between Mount Hope and 
Natchaug Rivers annual minimum discharges.

Figure 4: Linear regression and r-squared between Mount Hope and 
Fenton Rivers annual minimum discharges.

Table 5, shows the Annual minimum discharge by date in the 
Fenton, Mount hope and Natchaug Rivers from 2006 to 2019.

From Table 5, Mount Hope and Fenton River share the same 

date for an annual minimum discharge in five (5) opportunities and 
the Mount Hope and Natchaug Rivers in nine (9), both for 14 years 
of records.
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Table 3: Correlation coefficients for the Mount Hope-Fenton and 
Natchaug-Fenton Rivers.

Watersheds Daily discharges Annual daily mini-
mum discharges

Mount Hope-Fenton 0.9080 0.8213
Mount Hope-Natchaug 0.9259 0.8668

Table 4: Annual minimum discharges by month in the Fenton, Mount Hope 
and Natchaug Rivers.

Month Fenton Mount Hope Natchaug

July 2 11 3

August 2 26 3

September 8 40 5
October 2 3 3
Total 14 80 14

Table 5: Annual minimum discharge by date and river.

Fenton Mount Hope Natchaug

28-09-2006 28-09-2006 10-10-2006

08-09-2007 06-09-2007 08-10-2007

05-09-2008 20-07-2008 20-07-2008

26-09-2009 26-09-2009 26-09-2009

13-09-2010 26-09-2010 26-09-2010

19-09-2011 06-08-2011 06-08-2011

17-09-2012 09-08-2012 17-07-2012

30-09-2013 26-08-2013 26-08-2013

20-09-2014 20-09-2014 20-09-2014

09-09-2015 09-09-2015 09-09-2015

18-09-2016 17-09-2016 18-09-2016

30-09-2017 30-09-2017 03-10-2017

05-09-2018 16-07-2018 16-07-2018

25-09-2019 06-08-2019 06-08-2019

Low-Fow Frequency Curves (LFFC) 

LFFC Curves were built with this annual minimum, also fre-
quency and probability of the vents was calculated, Figures 6-8.

Then, for the same dates of every annual minimum calculated 
from 2006 to 2019 in the Fenton River, discharges were obtained 
from the records for the Mount Hope and Natchaug Rivers, with 
those discharges, the probability of exceedance of the Mount Hope 
and Natchaug Rivers LFFC was calculated by linear regression be-
tween probabilities. With this probability of exceedance, the simu-
lated discharges were obtained from the LFFC of the Fenton River 
by linear interpolation. The results of this transformations for the 
Mount Hope-Fenton and Mount Hope-Natchaug Rivers are summa-
rized in linear regression and r-square coefficient in the Figures 
9&10.

Weibull distribution for minimum flows

Mean, standard deviation (Std) was calculated from USGS 

stream flows records for the Fenton River from 07/11/2006 to 
10/01/2019, Mount Hope River from 10/01/1940 to 11/01/2019 
and for the Natchaug River from 10/01/1930 to 11/01//2019. A 
Weibull distribution was applied and the parameters Alfa and Beta 
were calibrated for the best fit of the Weibull distribution. Table 6 
summarized the values of mean, standard deviation, Alfa and Beta 
parameters obtained for every watershed.

Weibull distribution curves were built with this annual mini-
mum for the mean, standard deviation, Alfa and Beta calibrated for 
every watershed, Figures 11-13. For the same dates of every annu-
al minimum discharge calculated from 2006 to 2019 in the Fenton 
River, discharges were obtained from the measured records for the 
Mount Hope and Natchaug Rivers, with those discharges, the prob-
ability of the Mount Hope and Natchaug Rivers by Weibull distribu-

Figure 6: Flow Duration Curves for the Fenton River.

Figure 7: Flow Duration Curves for the Natchaug River.

Figure 8: Flow Duration Curves for the Mount Hope River.
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tion was calculated. With this probability, the simulated discharges 
were obtained from the Inverse Weibull distribution of the Fenton 
River. The results of this transformations for the Mount Hope-Fen-
ton and Natchaug-Fenton Rivers are summarized in linear regres-
sion in the Figures 14 &15.

Summarizing, Table 7 shows the correlation coefficients for the 
observed and simulated discharges of the Fenton River applying 
Mount Hope-Fenton and Natchaug LFFC and Weibull distribution 
transformations.

The Nash - Sutcliffe model was applied to the observed and sim-
ulated discharges of the Fenton River applying Mount Hope-Fenton 
and Natchaug LFFC and Weibull distribution transformations. Ta-
ble 8 summarize, the Nash - Sutcliffe model results.

Table 6: Mean, Standard deviation, Alfa and Beta and Weibull distribution 
parameters by river.

River Mean Std Alfa Beta
Fenton 0.060 0.048 1.26 0.07
Mount Hope 0.060 0.038 1.48 0.07

Natchaug 0.497 0.390 1.36 0.54

There is a strong relationship, between the annual minimum 
daily discharges of the Fenton, Mount Hope and Natchaug Riv-
ers. The correlation coefficients square-R (R2) between the Fen-

Figure 9: Observed and simulated discharges of the Fenton River by the 
Mount Hope-Fenton River LFFC transformation and 45o line.

Figure 10: Observed and simulated discharges of the Natchaug River 
by the Mount Hope-Natchaug River LFFC transformation and 45o line.

Figure 11: Weibull distribution for the Mount Hope River.

Figure 12: Weibull distribution for the Fenton River.

Figure 13: Weibull distribution for the Natchaug River.

Figure 14: Observed and simulated discharges of the Fenton River by 
the Mount Hope-Fenton River Weibull transformation by linear regres-
sion.
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ton-Mount Hope and Fenton-Natchaug daily discharges are 0.92 
and 0.42, and for annual daily minimum discharges 0.87 and 0.67 
from 07/01/2006 to 12/31/2019 respectively. Meanwhile the re-
lationship for Fenton-Mount Hope daily and minimum discharges 
are very strong, for Fenton-Natchaug is weak for daily discharges 
meanwhile is strong for annual minimum discharges, this is due 
to the fact that maximum discharges in the Natchaug River are 10 
times bigger than in the Fenton River.

Table 7: Correlation coefficients for the Mount Hope-Fenton and Natchaug 
LFFC transformations for minimum annual flow.

Transformation LFFC Weibull
Mount Hope-Fenton 0.6836 0.834

Mount Hope-Natchaug 0.2759 0.640

Table 8: Nash - Sutcliffe model results for the Mount Hope-Fenton and 
Natchaug LFFC and Weibull distribution transformations.

Transformation LFFC Weibull

Fenton-Mount Hope 0.57 0.78

Fenton-Natchaug -13.07 0.63

There is an important relationship, between the annual mini-
mum daily discharges of the Fenton, Mount Hope and Natchaug 
Rivers by the low-flow frequency curve transformation. The cor-
relation coefficients square-r (R2) between the Fenton-Mount Hope 
and Fenton-Natchaug minimum daily discharges by LFFC trans-
formation are 0.56 and 0.53 from 07/01/2006 to 12/31/2019 re-
spectively. The NS coefficients by the same transformation are 0.3 
and 0.5 for the Fenton-Mount Hope and Fenton-Natchaug applying 
LFFC transformation.

Taking in consideration that an efficiency of 1 (NSE=1) corre-
sponds to a perfect match of modeled discharge to the observed 
data. An efficiency of 0 (NSE=0) indicates that the model predic-
tions are as accurate as the mean of the observed data, whereas an 
efficiency less than zero (NSE<0) and a model of sufficient quality 
have been suggested between 0.5<NSE<0.65.

There is an important relationship, between the annual mini-
mum daily discharges of the Fenton, Mount Hope and Natchaug 
Rivers by the Weibull distribution transformation. The correla-
tion coefficients square-r (R2) between the Fenton-Mount Hope 
and Fenton-Natchaug minimum daily discharges by Weibull dis-
tribution transformation are 0.56 and 0.53 from 07/01/2006 to 
12/31/2019 respectively. 

The NS coefficients by the same transformation are 0.31 and 
0.15 for the Fenton-Mount Hope and Fenton-Natchaug applying 
Weibull distribution transformation.

Conclusion

This research developed and tested two mathematical mod-
els for the prediction of minimum discharges in the Fenton and 
Natchaug Rivers with the discharges available from the Mount Hope 
River in the State of Connecticut. Low Flow Duration Curves and 
Weibull distribution methods were applied to the three rivers to 
transfer minimum discharges records from the Mount Hope River 
to predict minimum discharges in the Fenton and Natchaug Rivers.

The results shows that there is a stronger Daily discharges cor-
relation between the Mount Hope-Natchaug Rivers than the Mount 
Hope-Fenton Rivers, 0.92 against 0.90. There is a stronger Annual 
daily minimum discharges correlation between the Mount Hope-
Natchaug than the Mount Hope-Fenton Rivers, 0.86 against 0.82. 
Most of the minimum flows in the Mount Hope, Fenton and Natchaug 
Rivers usually occur in the month of September and in the same day 
for the Mount Hope and Natchaug Rivers. Correlation coefficients 
between the Mount Hope, Fenton and Natchaug Rivers for the LFFC 
Curves method for the prediction of minimum discharges were big-
ger for the Mount Hope-Fenton than Mount Hope-Natchaug Rivers 
relationships, 0.68 against 0.27. Correlation coefficients between 
the Mount Hope, Fenton and Natchaug Rivers for the Weibull dis-
tribution method for the prediction of minimum discharges were 
bigger for the Mount Hope-Fenton than Mount Hope-Natchaug Riv-
ers relationships, 0.83 against 0.64. Nash - Sutcliffe model between 
the Mount Hope, Fenton and Natchaug Rivers for the LFFC Curves 
method for the prediction of minimum discharges was closer to 1 
for the Mount Hope-Fenton than Mount Hope-Natchaug Rivers re-
lationship, 0.57 against -13.0.

Nash - Sutcliffe model between the Mount Hope, Fenton and 
Natchaug Rivers for the Weibull distribution method for the pre-
diction of minimum discharges was closer to 1 for the Mount 
Hope-Fenton than Mount Hope-Natchaug Rivers, 0.78 against 0.63. 
The results found that the meanwhile the Mount Hope-Natchaug 
Rivers have a much better coefficients of correlation than the 
Mount Hope-Fenton Rivers for measured Daily and Annual daily 
minimum discharges. The Low Flow Duration Curve and Weibull 
distribution methods shows that is much more accurate the pre-

Figure 15: Observed and simulated discharges of the Fenton River by 
the Natchaug-Fenton River Weibull transformation by linear regres-
sion.
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diction of the minimum discharges from the Mount Hope River to 
the Fenton River than from the Mount Hope River to the Natchaug 
River and that the Weibull distribution model showed a much bet-
ter accuracy than the Low Flow Duration Curve method for the pre-
diction of minimum discharges in the from the Mount Hope River to 
the Fenton and Natchaug Rivers.
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