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 Executive Summary 

NHDES needs a reliable method of estimating daily streamflow at ungaged sites.  HYSR’s 

QPPQ Transform method is one such method.  The New Hampshire Department of 

Environmental Services (NHDES) asked HYSR to conduct a two-phase study as a proof-of-

concept to demonstrate the method’s ability to provide accurate daily streamflow data.  

NHDES plans to use these data to develop protected instream flow criteria for ungaged 

segments of presently and future designated rivers in the state.  Because some of those waters 

lack stream gage data, HYSR’s QPPQ Transform method uses known flows from a USGS 

stream gage site located elsewhere, statistical probabilities, and soil, climate, and topographic 

data from the ungaged site’s watershed to generate long periods of daily flows at ungaged sites.   

To evaluate the suitability of the QPPQ Transform method for New Hampshire’s needs, 

NHDES and HYSR developed the following tasks for the project: 

Task 1.  Update with new data sources the QPPQ Transform method of estimating daily 

streamflows and evaluate the ability of the QPPQ to reproduce observed flow measurements; 

Task 2.  Identify flow ranges of particular use in instream flow protection at various sites; and  

Task 3. Generate modeled daily flows over long periods of record at several sites. 

Following the completion of this and future studies, NHDES will be better able to assess the 

effectiveness of using calculated stream flow to develop protected instream flows on ungaged 

designated rivers and reaches.   

HYSR’s QPPQ Transform method has four parts: (1) it takes a stream gage’s time series of 

daily flows; (2) it generates a relationship between those flows and the probability of their 

occurrence; (3) it constructs a similar relationship between streamflows and probability at the 

ungaged site using only the site watershed’s soil, climate, and topography characteristics; and (4) 

it produces a time series of estimated daily flows at that ungaged site.  Task 1 of this study 

focused on updating part (c) which depends on a regional stream flow duration curve (FDC) 

model to describe the mathematical relationship between streamflow and probability at an 

ungaged site.     
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The regional FDC model is based on the three-parameter Generalized Pareto (GPA) 

probability function.  HYSR updated this step of the method by constructing a special 

streamgage network consisting of 133 USGS streamgage sites across the northeast, analyzing the 

daily data over a long period of record at each site, and used each site’s watershed characteristics 

of soil, climate, and topographic characteristics to construct equations for the GPA parameters.  

HYSR then subjected the updated model to a variety of statistical tests and checks, including 

model Bias and Root Mean Square Error.  HYSR’s analysis showed that the updated regional 

FDC model that requires only ten watershed soil, climate, and topographic measures to construct 

an FDC compares very well with an FDC constructed using historic streamgage records as is 

usually done. 

Task 2 of this study focused on developing an analysis of the historic daily flows observed at 

the Souhegan River USGS streamgage, and low-flow data in particular to evaluate conditions of 

greatest concern in instream flow management.  Past watershed studies by NHDES have instream 

protected flow criteria that define a specified number of consecutive days that streamflows may 

fall below a flow threshold without causing excessive stress on the fish community.  The 

regulated stake-holders, including public water suppliers, agriculture, and others would apply 

actions described under their water management plans at times of excessive stress caused by low-

flow conditions.   

 As Task 2 of this study, HYSR constructed FDCs using historic streamgage records for the 

Souhegan for each of six bioperiods identified in an earlier instream flow study (see University 

of New Hampshire et. al, 2007).  NHDES adopted Critical and Rare flows as protected instream 

flows (PISF) for management purposes.  The objective was to estimate the Critical and Rare 

flows’ probabilities to define the flow ranges of particular importance.  Calculated and historic 

flows at these ranges will be compared at these ranges in a possible future study.  HYSR 

determined that for the Souhegan River, the bioperiod-specific Critical flows ranged from Q35 to 

Q98.5 and the bioperiod-specific Rare flows ranged from Q70 to Q99.8  

Task 3 of this study was initiated because NHDES requested that HYSR estimate the 

bioperiod-specific Q85 and Q95 streamflow rates at four USGS gage sites.  Each estimated 

discharge was also normalized by the watershed area of the USGS streamgage at that site, 
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resulting in dimensions of ft
3
/s per mi

2
, or cfsm.  HYSR determined that Q85 varied by watershed 

by a factor of 1.5 (0.39 cfsm to 0.62 cfsm) to 5.8 (0.12 to 0.7 cfsm) depending on the bioperiod.  

Similarly, Q95 varied by watershed by a factor of 2.1 (0.22 cfsm to 0.46 cfsm) to 6.8 (0.08 to 0.55 

cfsm) depending on the bioperiod.  These values may be used in future assessments to evaluate 

the comparability between the calculated daily flows and the measured, historic streamflows at 

these gages.  
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1.  Introduction and Overview 

The New Hampshire Department of Environmental Services (NHDES) is responsible for 

developing protected instream flows on certain designated rivers.  In the not-too-distant future, 

NHDES will need long periods of daily streamflow at one or more sites on each designated river 

to quantify protected instream flows on the designated rivers.  Unfortunately, many of the 

designated rivers lack daily streamflow gage records.   

Fennessey (1994) developed a method to estimate daily streamflows at ungaged sites in the 

northeast U.S.  The method is known as the QPPQ Transform for the four steps of its process: (1) 

historic daily stream gage flows over a long period (Q); (2) are redefined in terms of their 

probabilities of occurrence (P); (3) a similar relationship between flow and probability is 

constructed at the ungaged site using watershed characteristics instead of stream gage data (P), 

and (4) finally into daily flows at an ungaged site (Q).  The first part of this report describes how 

this QPPQ Transform works and how the Fennessey (1994) regional FDC model which is used in 

part (3) of the QPPQ Transform process—was updated and assessed for NHDES.  

As discussed in greater detail below, the regional FDC model, which was first developed by 

Fennessey (1994) and is examined again in the present study, is based on a three-parameter 

Generalized Pareto (GPA) probability distribution function.  The “region” is the northeast United 

States, and the FDC model can only be used specifically for ungaged watershed sites in New 

England, New York, Pennsylvania, and New Jersey. 

In this project, three regional regression equations are re-examined and updated.  These 

equations estimate the three GPA parameters for an ungaged location that would have otherwise 

been estimated from a statistical analysis of historic stream gage data were records available at 

that site.  Instead of a statistical analysis of historic daily streamgage data, the three-parameter 

estimates are determined by solving three multivariate regression equations that use the gage site 

watershed’s soil, climate, and topography characteristics as independent variables.  In practice, 

the analyst would determine the variables for their ungaged site’s watershed using various 

Geographic Information System (GIS) data layers, including topographic maps. 

In this study, the “model” FDC is constructed using the regional FDC model with its 

multivariate regression parameter equations solved using independent variables of the gage site 
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watershed’s soil, climate, and topography characteristics.  The “fitted” FDC is constructed using 

the GPA probability function with its three parameters determined from a statistical analysis 

using historic streamgage data.  The “model” and “fitted” FDCs are compared against an 

“observed” FDC constructed using only streamgage data without any probability function.  The 

prediction errors are examined by comparing differences at eleven USGS gaged watershed sites 

in New Hampshire.   

Task 2 of the present HYSR study involves an analysis of historic daily streamflow observed 

at the Souhegan River USGS gage station.  An earlier watershed study on the Souhegan 

(University of New Hampshire et al., 2007) established six seasonal bioperiods.  These 

bioperiods range from 30 days long (bioperiod 4) to 105 days long (bioperiod 1.)  An instream 

flow study identified three protected instream flow (PISF) rates for each bioperiod: the Common, 

Critical, and Rare flows.  In a possible future study, the Souhegan River’s Critical and Rare flow 

rates might be used to evaluate how well calculated daily flows compare with the historic 

measured flows from gage records.    

Task 3 of the study focuses on an analysis of historic streamflows at four USGS stream gage 

sites. NHDES identified two streamflow rates to be applied to the flows in each of the six 

bioperiods.  The rates are Q85, a moderate low flow, and Q95 which represents a low-flow.  Q85 

represents the daily streamflow rate that is equaled or exceeded 85 percent of the time in a 

specific bioperiod, and Q95 is the daily flow rate that is equaled or exceeded 95 of the time in that 

same bioperiod.  Conversely, 5 percent of the bioperiod’s historical record, daily streamflows 

were less than Q95.       

In several key ways, this HYSR study lays critical groundwork for a proposed HYSR second 

study.  The second study will focus on the statistical comparison of a long, multi-year period of 

historical stream gage daily flows with those generated using the QPPQ Transform method at the 

site of the Souhegan River streamgage.  A similar analysis will be conducted on four other USGS 

streamgages sites.  First, an assessment is proposed using the Critical and Rare PISF thresholds 

to assess the calculated versus measured flows in each bioperiod for the Souhegan River 

streamgage.  The second assessment would be performed at four different USGS streamgage 
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sites using the bioperiod 5 (July 14 - Sept 30) Q85 and Q95 values to compare the calculated 

versus measured flows. 
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2.  Methods for Estimating Daily Flows at Ungaged Sites 

2.1  Introduction 

 There are a variety of ways to estimate daily streamflow at ungaged sites.  The simplest 

approach is the watershed area ratio (WAR) method, as described by Fennessey (1994).  The 

WAR is a simple extrapolation of observed daily flows measurable at the gaged site to the 

ungaged site, adjusting for differences in the size of the two watersheds.  The daily flow at the 

ungaged site, QO(t), is estimated by multiplying the daily flow observed at an index gage, QI(t), 

by the watershed area of the ungaged site, AO, divided by the watershed area of the index gage 

site, AI, as shown in Eq. 2-1.   

 (t)Q
A

A
  Q I

I

O
O              (2-1) 

The virtue of this approach, its simplicity, is also its limitation. 

 A second but more sophisticated approach is a rainfall-runoff model, such as the Hydrological 

Simulation Package FORTRAN (HSPF) Sacramento Soil Moisture Accounting Model as 

described by Kirshen and Fennessey (1995).  Based in large part on the conservation equations 

from physics, HSPF is considered universally applicable. For example, HSPF is used by the 

National Weather Service for flood forecasting.  In New Hampshire, HSPF was used by Semra et 

al. (2015) to explore potential climate change impacts on the Exeter River.  The rainfall run-off 

approach offers the specificity that the WAR approach lacks, but it must be carefully calibrated 

and validated using a stream gage site with a long daily period-of-record (POR).  This is a 

problem in New Hampshire because as previously mentioned, many of the state’s designated 

rivers and reaches lack stream gage records.   

As discussed below, HYSR’s QPPQ Transform method is better suited for estimating daily 

streamflows at ungaged sites as needed by NHDES in the future.   The method uniquely 

extrapolates daily flows from the gaged site to the ungaged site with greater accuracy than does 

the WAR method and does so without the data required by the HSPF approach.   



8 

 

HYSR / 49 School Street / South Dartmouth, MA 02748 USA 

 

2.2  The QPPQ Transform Method 

The QPPQ Transform process is summarized by the following four steps and illustrated by 

Figure 2-2.  

1. The upper left quadrant: Q.  The analyst picks a suitable U.S. Geological Survey 

(USGS) index stream gage site with a long POR of observed daily flows, QI(t).  

2. The upper right quadrant: P.  The analyst estimates the probability of occurrence for 

each observed daily flow and uses QI(t) to construct an “observed”  Flow Duration 

Curve (FDC), QI(p). 

3. The lower right quadrant: P.  Using soil, climate and topographic characteristics of 

the ungaged watershed, the analyst uses a regional FDC model to construct a “model”  

FDC, QO(p), at the ungaged site.    

4. The lower left quadrant: Q.  Knowing the probability of each daily flow during the 

long sequence at the gaged site and assuming those flows occur with equal 

probability at the ungaged site, the analyst generates an equally long sequence of 

daily flows at the ungaged site, QO(t).   

 

Figure 2-1.  The QPPQ Transform Method 
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Since its initial development (Fennessey, 1994), the QPPQ Transform has been widely tested 

and adopted by the USGS in Massachusetts, Rhode Island, Iowa, and Pennsylvania.  Delaware, 

New York, Maryland, and states in the southeast U.S. are in the process of adopting it. The 

method has also been used in South Africa and Canada.  Studies that document its testing and 

employment include Waldron and Archfield (2006), Archfield et al. (2010, 2013), Stuckey et al. 

(2012), and Linhart et al. (2012).   

Farmer et al. (2014) report that the QPPQ Transform estimates daily flows at ungaged sites 

with less error than 18 alternative methods, including various rainfall-runoff models.  Moreover, 

the watershed network employed by this study was notably extensive, encompassing 182 stream 

gages across Virginia, North Carolina, South Carolina, Tennessee, Georgia, Florida, Mississippi, 

and Louisiana.  In short, the validation and wide adoption of the QPPQ Transform method 

confirm its suitability for consideration by NHDES for the work they will undertake. 
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3.  Streamflow Duration Curves and Regional FDC Modeling 

3.1  Introduction 

As discussed above, the third step of the QPPQ Transform method requires the analyst to 

construct a streamflow duration curve for the ungaged site using a regional FDC model.  Because 

a major focus of the present study was to update an existing FDC model for improved accuracy, 

some discussion of FDCs is warranted here.   

An FDC represents the relationship between the magnitude and the likelihood or probability 

of the occurrence of daily streamflow at a particular location in a river basin.  It provides an 

estimate of the percentage of time a given streamflow was equaled or exceeded over a historical 

period of record.  As a result, an FDC provides a simple yet comprehensive graphical view of the 

historical variability associated with streamflow at a site.    

 Figure 3-1 shows the hydrograph of a river, with flows that rise and fall with the seasons, 

overlain with the FDC constructed from those daily observations.  The top horizontal axis is time 

and the bottom horizontal axis is exceedance probability, p.  Each value of flow, Q, has a 

corresponding p. An FDC is simply a plot of Qp, the p
th

 quantile or percentile of daily 

streamflow, versus p.  At very high flows, p nearly equals 0, and at very low flows, p nearly 

equals 1.  For example, Q10, a high flow quantile shown as the blue diamond, occurs with p=0.1, 

and Q90, a low flow quantile, shown as the red diamond, occurs with p=0.9.   Q50 is the median 

daily flow quantile, shown as the magenta diamond, and occurs with p=0.5.  FDCs are discussed 

in detail by Fennessey and Vogel (1990) and Vogel and Fennessey (1994, 1995).   
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Fig. 3-1.  Comparison between a River Hydrograph and its Flow Duration Curve 

3.2  Estimating Quantiles from Stream Gage Data 

 To construct an FDC from a historic record of stream gage data, let n equal the number of 

daily observations from that gage.  Let the ith member of the record be described as qi where 

i=1,n.  If the streamflow data are rank-ordered, i.e. sorted in descending order, then the result is 

the set of order statistics, q(i), where i = 1,n .  Here q(1) equals the largest observed value among 

all qi, and q(n) equals the smallest observed value among all qi.  In other words, the daily data 

belonging to a specific population is arranged in descending order from largest to smallest. 

Using the notation provided by Vogel and Fennessey (1994), each quantile is estimated using 

the weighted estimator first presented by Parzen (1979), shown below as Equation (3-1). 

                 1iip qq-1 = Q              (3-1) 

where i=[(n+1)p] and  = [(n+1)p-i] and p equals the exceedance probability, p=P[Qq].  The 

quantile estimator Qp is undefined for values of p that lead to i=[(n+1)p]= 0.  This approach was 

used to construct all the “observed” FDCs described in this report. 
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3.3  Regional FDC Modeling 

As discussed earlier, a streamflow duration curve (FDC) is typically constructed from 

observed daily streamflow data.  To recap, the FDC provides the analyst with an estimate of how 

often (the probability) a specific streamflow rate is equaled or exceeded.  Conversely, given a 

specific probability, 0<p<1, the analyst can estimate the corresponding streamflow rate.  Because 

of the need to estimate these probabilities at ungaged sites for the Massachusetts Water 

Management Act Program, Fennessey and Vogel (1990) developed what is now known as a 

regional FDC model.  They numerically fitted a two-parameter Lognormal (LN2) probability 

function to most of the lower half (Q50-Q99) of the observed FDCs at 23 sites within or near 

Massachusetts.  Using the two parameters determined this way as dependent variables, they 

developed a multivariate regression equation for each parameter using watershed topography 

characteristics obtained from USGS topographic maps as the independent variables.   

Following that development, all the analyst had to do was to obtain the appropriate USGS 

topographic map(s), delineate the watershed of interest and estimate the topography 

characteristics needed by the two regression equations.  Once the regression equations were 

solved, the analyst could estimate streamflows using their choice of probability without the need 

for historic streamflow data at that location.  

The method is referred to as a regional model because the streamflow data and the variables 

used to construct the parameter equations come from a specific region; therefore, the model may 

only be used in that region.  For example, the Fennessey and Vogel (1986) regional FDC model 

cannot be used in New Hampshire nor can it be used to estimate flows greater than Q50 or less 

than Q99 in Massachusetts.  To circumvent these problems, Fennessey (1994) expanded upon that 

earlier work and developed a regional FDC model for all flows for the entire northeast U.S., 

including New England, New York, New Jersey and Pennsylvania. 

The basis for the regional FDC model in the present study is the three-parameter Generalized 

Pareto (GPA).   Fennessey (1994) determined that the three-parameter GPA was the most 

suitable choice among several continuous probability distribution function alternatives for 

representing daily streamflows in the northeast.  The GPA quantile function, Qp, is shown below 

as Eq. 3-2.   
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  p1
κ

α
ξ  Q k

p             (3-2) 

where ξ (lower bound), α (scale), and κ (shape) are the three probability function parameters and 

p is the exceedance probability.  Using multivariate statistical regression, Fennessey (1994) 

developed a regional equation for each of these three parameters that allows one to construct a 

POR daily FDC at an ungaged site using Eq. 3-2.  

Others have developed regional FDC models, foremost among them the USGS, but those have 

limitations.  Rather than identify a continuous probability function, the USGS chose to develop 

regional models only for specific quantiles ranging from Q1 (high flows) to Q99 (low flows).  For 

example, the USGS (Ries and Friesz, 2000) developed separate regional models for Q50, Q60, 

Q70, Q80, Q85, Q90, Q95, Q98 and Q99 quantiles.  This was standard practice when the research was 

needed to estimate extreme events such as the 100-year or the 500-year flood at the ungaged site, 

as needed to design a highway culvert, for example.  In fact, the USGS recently released a report 

about a study of this sort conducted for the state of Maine (Dudley, 2015). 

The advantage of the continuous regional FDC model approach used by HYSR over the 

USGS alternative is two-fold.  First, HYSR’s GPA probability function is monotonic, whereas 

the USGS discrete quantile models are not necessarily so.  This means that when using the USGS 

method, an estimate of Q98 at an ungaged site may be larger than the estimate for Q95 at that same 

location, even though, by definition, Q98 is a lower streamflow rate.  Second, interpolation 

between quantile estimates and extrapolation of the extremes are not necessary when using 

HYSR’s continuous GPA model but must be done when employing the USGS discrete quantile 

models. Last, because the USGS quantile equations are limited to flows less than Q1 but greater 

than Q99, estimates of very high flows and very low flows are unavailable.  The low flows in 

particular are very important to the analysis of the protected instream flow needs of NHDES.    

For example, Fennessey (1999) found that in the northeast U.S., the POR daily Q99 is very 

nearly equal to the annual 7-day, 10-year flow, Q7,10, which is a statistic long used as a low-flow 

index for the design of wastewater treatment plants.  If an assessment of flows greater than Q1 

and less than Q99 is necessary, as is the case in mass balance modeling, HYSR’s continuous GPA 

model is the appropriate choice, especially if there are no regional models for flows greater than 
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Q1 or less than Q99.  For example, Q99.9 is a very low flow rate that should not be ignored, 

especially when considering an extended drought.    
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4.  Updating the HYSR Regional FDC Model 

4.1  Introduction 

The major focus of HYSR’s Task 1 agreement with NHDES was to update a regional 

streamflow duration curve (FDC) model.  With developments in Geographic Information 

Systems (GIS) over the past 20+ years, HYSR recognized that a wide range of new topographic 

variables are available to update the regional FDC model.  HYSR used this new information to 

refine the selection of stream gages used in the regional FDC model. The gages and data retained 

from the original 1994 data set were chosen because they had sufficient years of record within the 

same window of time, and had full complements of the new topographic variables.  

4.2  Updating the Stream Gage Network 

Originally, Fennessey (1994) developed a network of 166 gaged watersheds located in the 

northeast U.S. from the Hydro-Climatic Data Network (HCDN) described by Slack and 

Landwehr (1992).  All the USGS regional offices around the U.S. were enlisted to identify which 

gaged watersheds were subject to little, if any, significant anthropogenic impact.  These gaged 

sites were incorporated into the HCDN network. The Slack and Landwehr (1992) HCDN gage 

network was constructed to a very high standard because their goal was to assess historic 

streamflow data for evidence of historic trends due to possible climate change.    

Each HCDN watershed had a variety of soil, topographic and climate variables from which 

Fennessey (1994) developed regional equations for the three GPA parameters. For the present 

study, HYSR developed a network of USGS gaged watersheds that were in both the HCDN 

network and the Geospatial Attributes of Gages for Evaluating Streamflow (GAGES-II, 2017.)  

The GAGES-II, 2017 data set described by Falcone et al. (2010, 2011) provides geospatial data 

and classifications for 9,322 stream gages maintained by the USGS.  The data include several 

hundred watershed characteristics including environmental features (e.g. climate – including 

historical precipitation, geology, soils, topography) and anthropogenic influences. For this study 

HYSR reviewed the original 166 HCDN stream gage network and retained only those HCDN 

gages that were also in the GAGES-II network and for which full data were available.   
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During the original study, Fennessey (1994) used the entire POR of each of the 166 HCDN 

stream gages to construct the regional FDC model.  To ensure that the streamflows were 

reasonably stationary statistically, an important condition for the development of a regional 

regression model, trend tests were done.  The Mann-Kendall trend test, described by Helsel and 

Hirsch (1992), was performed on each gage’s daily POR.  Fennessey (1994) found no evidence 

of trends among the 166 HCDN gages used, all having a POR ending 1988 or earlier.   

HYSR decided that to be incorporated into the present study, each site had to meet a list of 

criteria. Each must have a minimum of twenty years of continuous record during the 1950-1990 

period-of-record.  For the present study, rather than apply each gage’s entire period-of-record 

again, HYSR used only those years of record when the 166 HCDN gages coincide with the 

GAGES-II (2017) records.  GAGES-II (2017) provides the yearly total rainfall and average daily 

temperature for each gage site beginning in 1950.  1990 was chosen as the end date for the 

present study because of the evidence reported by Huang et al. (2017) that the climate in the 

northeast U.S. has changed slightly since 1990.  

 HYSR took also advantage of the GAGES-II (2017) annual climate data time series provided 

for each of the GAGES-II watersheds.  Of the original 166 HCDN gages used by Fennessey 

(1994), 142 of them were both found in the GAGES-II network and had at least 20 years of 

continuous record during the 41 Water Years of 1950-1990.  These watersheds comprise the 

preliminary HYSR 142 gage network used in the present study and shown below in Fig. 4-1. 

Further testing of watersheds, described below, eliminated nine additional sites. 
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Figure 4-1.  HYSR 142 Stream Gage Network 

Note that Figure 4-1 shows sites extending across much of the northeast including 

Pennsylvania.  While being able to construct an FDC at an ungaged site in Massachusetts or 

Pennsylvania might initially seem of little interest to the NHDES, a major benefit of employing a 

geographically extensive watershed network is the variability of the potentially relevant 

independent variables such as soil, climate and topography; factors that were likely to be 

statistically significant.  For example, the watershed areas of the 142 HYSR gage sites range 

from 1.39 mi
2
 to 3,342 mi

2
.   By comparison, the New Hampshire-only HCDN watershed areas 

range from 12.1 mi
2
 to 621.5 mi

2
, which might not be sufficiently flexible for NHDES’s planning 

and future regulatory needs.   
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4.3  Revisiting the Choice of the Regional FDC Model  

  Because the present study stream gage network shrank from 166 gages to 142, and because a 

more consistent period-of-record was used, HYSR checked to whether the GPA was still the 

appropriate choice of probability function.  As was done by Fennessey (1994), an L-moment ratio 

diagram was constructed to screen alternative probability functions.  L-moments, or more 

precisely linear probability weighted moments, and L-moment diagrams are discussed by Vogel 

and Fennessey (1993), Hosking and Wallace (1997), and more recently by Peel et al. (2001).   

An L-kurtosis diagram for the 142-gage network is shown below as Figure 4-2.  The sample 

(observed) L-moment ratios for each of the 142 sites are shown as black circles, yellow squares 

and red triangles.  Curves for a variety of alternative probability distribution functions are 

indicated by the colored lines.  These include the GLO (Generalized Logistic distribution); the 

GEV (Generalized Extreme Value distribution); the GPA (Generalized Pareto distribution); the 

LN3 (three-parameter Log Normal distribution); the P3 (Pearson Type 3 distribution); and the 

WA5 (the five-parameter Wakeby distribution)    

Figure 4-2 shows that the observed L-moments follow the green (GPA) and red (LN3) lines 

best.  These results are similar to those of Fennessey (1994) and as then, suggest a toss-up 

between the GPA and the LN3 distribution functions as being the more suitable of these 

alternatives. Fennessey (1994) extensively tested both the LN3 and GPA in several different 

ways and chose the GPA as the best option.   
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Figure 4-2.  L-kurtosis Diagram for HYSR 142 Stream Gage Sites Sample Estimates 

Archfield et al. (2009) reported daily streamflows in southern New England as being best 

described using a 4-parameter Kappa distribution.  They attempted to develop regional FDC 

model’s regression equations for each parameter and alternatively for each of the four L-

moments used to quantify the four parameters but did not succeed (see Archfield et al., 2007).  

Archfield (2014, pers. com.) came to the same conclusion that Fennessey (1994) did that daily 

streamflows in the northeast U.S. are reasonably well described by the GPA. 

Additional arguments for the GPA include the fact that it has one fewer parameter to estimate 

than the Kappa which, as mentioned above, Archfield et al. (2007) found to be problematic when 

developing a regional FDC model.  Furthermore, as shown by Equations 2-1 and 3-1, the GPA 

quantile function is easy to calculate.  In the end, it truly doesn’t matter which probability density 

function describes daily flows, and as shown by Figure 4-1, the three-parameter regional FDC 

model serves as an effective hydraulic rating curve for the watershed.   

4.4  Testing the Stream Gage Sites for Discordancy and Regional Homogeneity 

 Nine more stream gage sites were removed from the network because they were identified as 

unlike the other gages in the network as measured by an assessment of their discordancy.  
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Discordancy, D, is a statistical measure of regional homogeneity as developed by Hosking (1991) 

and reported by Hosking and Wallis (1993).  A region is defined as a group of sites whose data 

are drawn from a common probability distribution function. Fennessey (1994) and HYSR in the 

present study posit that those sites with sample L-moments having D<3 belong to the study 

region and those having D>3 do not.  Those sites having D>3 are assumed to follow either a 

different probability distribution or belong in a different geographical region.   

Figure 4-2 shows the observed sample L-moments as black dots, yellow squares and red 

triangles.  The key indicates that the black dot sites have discordancy values of D<3, the yellow 

box sites have 3<D<4, and the red triangle sites have D>4.  Clearly, the four red triangles and the 

five yellow box sites are either far from the cloud-center of the black dot sites or far from either 

the LN3 or GPA curves.  These results suggest that the nine discordant sites don’t belong in the 

study region.  These nine sites are those shown on Figure 4-1 as having a triangle with circles 

around them.  Eight of the nine sites are in New Jersey and one is in southeastern Pennsylvania 

close to the New Jersey border.  The other 133 sites shown in Figure 4-1 comprised the final 

gage network used for the subsequent analysis. 
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5.  Regional FDC Model Development 

5.1  Introduction 

As discussed earlier, a stream flow duration curve (FDC) is typically constructed from 

observed daily streamflow data.  To recap, the FDC provides the analyst with an estimate of how 

often (the probability) that a specific streamflow rate is equaled or exceeded.  Fennessey and 

Vogel (1990) developed what is now known as a regional FDC model.  They fitted a two-

parameter Lognormal (LN2) probability function to the lower half of observed FDCs at 23 sites 

within or near Massachusetts and then developed multivariate regression equations for each 

parameter as the dependent variable using watershed topography characteristics obtained from 

USGS topographic maps as independent variables.   

The method is referred to as a regional model because the streamflow data and the variables 

used to construct the parameter equations come from a specific region; therefore, the model may 

only be used in that region.  However, the power of a regional FDC model is that the analyst 

could now estimate flows at the ungaged site using only a topographic map without historic data 

from a stream gage.  Fennessey (1994) updated the Fennessey and Vogel (1990) by using a three-

parameter probability function; the Generalized Parato Distribution or GPA and developing 

regression equations for each parameter as before but using more watershed-specific variables 

than just topography.  The result was a method to estimate the entire range of flows at some 

ungaged site in the northeast U.S. without the need for historic stream gage data versus just 49 

percent of the flows in Massachusetts. 

The equations for each of the three GPA parameters were developed for this study using OLS 

multivariate, forward stepwise regression following the approach taken by Fennessey (1994).  

The regional model’s regression equations use a mix of independent variables provided in the 

HCDN (Slack and Landwehr, 1992) and the GAGES-II (2017) network (Falcone at al. 2010, 

2011),  The regional GPA parameter equations were developed with both the independent and 

dependent variables transformed from real space to logarithmic space.   

All model coefficients were significantly different from zero at the p=0.05 significance level 

or smaller.  The model residuals for each GPA parameter equation passed the Shaprio-Wilk 
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Normal test with p>0.05, the Constant Variance test with p>0.05, and the Normal probability 

plot correlation coefficient (PPCC) test with R
2
=0.980 for p=0.05 (see Vogel, 1986).     

5.2  The GPA Parameter Regional Model Equations 

The GPA quantile function given earlier as Equation 3-2, is provided again below as Equation 

1 for convenience.   The following discussion describes the development of a statistical 

regression equation for each variable.  The variables are: ξ, the GPA lower bound; α, the GPA 

scale parameter and κ, the GPA shape parameter. 

  p1
κ

α
ξ  Q k

p             (5-1) 

A total of ten independent variables are required to calculate the GPA parameters of the 

regional FDC model when using the three multivariate regression equations.  Those three 

equations are for ξ, the GPA lower bound; α, the GPA scale parameter; and κ, the GPA shape 

parameter. The three regression equations developed for the three GPA parameters, ξ (lower 

bound), α (scale), and κ (shape), take the usual form as shown by Equation 5-2.   

 xa xa ...xa xa ay
nn1-n1-n2211o

     (5-2) 

where a0 is the model intercept, ai is the model coefficient for variable xi, and ε is the model 

error.  All three equations were developed in log-log space.   

5.2.1  GPA lower bound parameter, ξ 

The regression equation developed for ξ, the GPA lower bound, is comprised of three 

independent variables and is shown below as Equation 5-3.     

      PREClnaSOILlnaAREAlnaaexp1ˆ
32

2
10        (5-3) 

where exp is the inverse of a natural logarithm; AREA equals the watershed area (mi
2
); SOIL 

equals the U.S. Department of Agriculture  (USDA, 1986) potential maximum moisture retention 

index (inches), and PREC equals the 1950-1990 mean annual precipitation (inches per year).   

AREA and PREC are GAGES-II watershed variables and SOIL is a HCDN watershed variable.   

Table 5-1 lists the model coefficients along with each coefficient’s Student’s t-ratio and p 

values.  Statistically, the coefficient is significantly different from zero if p<0.05 and the t-ratio is 
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greater than about 2.0 or less than about -2.0.  In other words, when developing the equation with 

a candidate independent variable, if either of these two conditions is not met, that particular test 

independent variable is not in the final equation. 

Table 5-1 

ξ: GPA Lower Bound Model Coefficients and Statistics 

 Value t-ratio p 

a0 -14.865 -6.52 <0.001 

a1 0.0991 19.21 <0.001 

a2 0.773 3.26 0.001 

a3 3.501 5.67 <0.001 

 

The adjusted R
2
=0.75 and the standard error of estimate = 0.583.  The model residuals passed 

the Shapiro-Wilk Normality test: p=0.509 and the Constant Variance test: p=0.118.  To pass 

either test, p>0.05.   The model residuals also passed the Normal PPCC test; the model residuals’ 

R
2
=0.991.  The goodness-of-fit is shown below in Figure 5-1.  Please note that the diagonal 45

o
 

solid line is not a best-fit regression line; it is merely used for reference.  
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Figure 5-1.  Sample (observed) ξ vs Regional Model ξ 

5.2.2  GPA scale parameter, α 

The regional regression model developed for α, the GPA scale parameter, comprised of four 

independent variables, is shown below as Equation 5-4.   

        ASPECTlnaELEVlnaPREClnaAREAlnaaexp 43210    (5-4) 

where ELEV equals the mean watershed elevation (feet) and ASPECT equals the orientation of 

the watershed from 0-360 degrees relative to north.   AREA, PREC, ELEV and ASPECT are all 

GAGES-II water variables.  Table 5-2 lists the model coefficients along with each coefficient’s 

Student’s t-ratio and p values.  Table 5-2 

α: GPA Scale Parameter Model Coefficients and Statistics 

 Value t-ratio p 

a0 -9.388 -11.94 <0.001 

a1 1.024 68.72 <0.001 

a2 2.600 13.98 <0.001 

a3 -0.146 -5.51 <0.001 

a4 0.120 3.05 =0.003 

 

The adjusted R
2
=0.974 and the standard error of estimate = 0.200.  The model residuals 

passed the Shapiro-Wilk Normality test: p=0.174, the Constant Variance test: p=0.612 and the 

Normal PPCC test: the model residuals’ R
2
=0.986.  The goodness-of-fit is shown below in 

Figure 5-2.    
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Figure 5-2.  Sample (observed) α vs Regional Model α 

5.2.3  GPA shape parameter, κ 

The regional regression model developed for κ, the GPA shape parameter, which is comprised 

of seven independent variables, is shown below as Equation 5-5.   

   

     

    























TEMPaASPECTlna

PREClnaCSLOPElna%HGClna

%IMPERVlnaES%LAKEPONDRlnaa

exp1

76

543

210

   (5-5) 

where %LAKEPONDRES equals the percentage of watershed area covered by lakes, ponds and 

reservoirs; %IMPERV equals the percentage of watershed area covered by impervious material, 

%HSC equals the percentage of watershed area covered by USDA NRCS Hydrologic Soil Group 

C; CSLOPE equals the slope of the main stream channel (feet/mile), and TEMP equals the mean 

annual air temperature (
o
F) .  %LAKEPONDRES, %IMPERV, %HSC, ASPECT and TEMP are 

all Gage II watershed variables and CSLOPE is a HCDN watershed variable.  Table 5-3 lists the 

model coefficients along with each coefficient’s Students t-ratio and p values.   
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Table 5-3 

κ: GPA Scale Parameter Model Coefficients and Statistics 

 Value t-ratio p 

a0 -5.812 -5.45 <0.001 

a1 0.0471 4.13 <0.001 

a2 -0.0515 -3.63 <0.001 

a3 -0.214 -7.63 <0.001 

a4 -0.0547 3.14 =0.002 

a5 0.827 5.44 <0.001 

a6 0.0812 2.71 =0.008 

a7 0.765 3.53 <0.001 

 

The adjusted R
2
=0.64 and the standard error of estimate = 0.149.  The model residuals passed 

the Shapiro-Wilk Normality test: p=0.631, the Constant Variance test: p=0.836 and the Normal 

PPCC test: model residuals’ R
2
=0.993.  The goodness-of-fit is shown below in Figure 5-3.    
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Figure 5-3.  Sample (observed) κ vs Regional Model κ 
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6.  How the Regional FDC Model Independent Variables Are Determined 

6.1  Introduction 

As discussed in the previous section, a total of ten independent variables is required to 

calculate estimates of the GPA regional FDC model parameters when using the three  regression 

equations.  Those three equations were for ξ, the GPA lower bound; α, the GPA scale parameter; 

and κ, the GPA shape parameter.  In the event the analyst wishes to construct a FDC at an 

ungaged site in New Hampshire (or elsewhere in the northeast U.S.), this section will provide 

additional background about the regression equation variables and sources for each of them.   

6.2  The Regional Model Equation Variables for ξ  

The three independent variables required by the regional equation for ξ were AREA (mi
2
), 

PREC (inches), and SOIL (inches).   

AREA, as used in this study, was from GAGES-II.  According to Falcone et al. (2010, 2011), 

it was determined for each watershed by the USGS using 1:24,000 to 1:100,000 map and digital 

elevation model sources.  The watershed areas, as provided in GAGES-II, were converted from 

km
2
 to mi2

 to develop the regional model equations in this study.   

PREC, as used in this study, was developed from the total annual liquid precipitation (cm per 

year) in GAGES-II for the calendar years of 1950-2011.  According to Falcone et al. (2010, 

2011) it was determined using the 800-meter PRISM grid citing Oregon State University as the 

source.  PREC used in the present study is the average calendar year total precipitation for the 

41-year period of 1950-1990 from GAGES-II.   The PRISM units of centimeters per year were 

converted to inches per year to develop the regional model equation.   

SOIL, as used in this study, was from the HCDN.  SOIL equals the potential maximum 

moisture retention index (inches).  The USDA refers to this variable as S.  The runoff curve 

number, CN, which ranges from 0-100, is determined by the analyst using the SCS TR-55 

manual (USDA, 1986), county soils maps developed by the USDA and information from a 

variety of sources about the sort of cover overlying the soil.  Examples of soil cover from TR 55 

include forest, meadow, 2-acre building lots, wetlands, and commercial development parcels 

among many other sorts of soil cover.   
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One of the TR-55 appendices lists by name the soils found in the U.S. and the Hydrologic 

Soils Group (HSG) for each soil.  For example, a HSG A-classified soil has a low CN number 

because it is highly permeable and for a given volume of precipitation, much of that rainfall will 

infiltrate and not run off as surface water.  A HSG B classified soil is a less permeable soil, a 

HSG C classified soil is less permeable still and a HSG D classified soil has very low 

permeability and is essentially clay, silt, or muck.  If an HSG A soil is covered with an 

impermeable surface, however, such as a building or a parking lot, the CN runoff curve number 

will be closer to 100 because most of a given volume of precipitation will run off as surface 

water and not infiltrate into the underlying soil.  The relationship between S (SOIL) and CN is 

shown by Equation 6.1 

         10
CN

1000
  SOIL              (6-1) 

6.3  The Regional Model Equation Variables for α 

 The four independent variables required by the regional equation for α were: AREA (mi
2
), 

PREC (inches per year), ELEV (feet), and ASPECT (degrees).  AREA and PREC were 

previously discussed.   

  ELEV, as used in this study, was from GAGES-II.  According to Falcone et al. (2010, 2011) 

it was the mean watershed elevation (meters) and determined for each watershed from the 30-

meter National Hydrography Data (NHD) Plus grid with the USGS cited as the source.  The 

mean watershed elevation was converted from meters to feet to develop the regional model 

equation.   

ASPECT, as used in this study, was from GAGES-II.  According to Falcone et al. (2010, 

2011) it was the mean watershed aspect, degrees: 0-360, where 0 degrees and 360 degrees both 

point north.  Falcone et al. (2010, 2011) report that this variable was developed from the 100-

meter resolution National Elevation Data set citing the USGS as the source.   

6.4  The Regional Model Equation Variables for κ  

The six independent variables required by the regional equation for κ were: 

%LAKEPONDRES (percentage), %IMPERV (percentage), %HSC (percentage), ASPECT 

(degrees), TEMP (
o
F), and CSLOPE (feet/mile).   
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%LAKEPONDRES, as used in this study, was from GAGES-II.  According to Falcone et al. 

(2010, 2011) it was the percentage of watershed area covered by “Lakes/Ponds” + “Reservoirs” 

in the NHD Hi-Resolution data set.  They cite the USGS NHD set as the source.     

%IMPERV, as used in this study, was from GAGES-II.  According to Falcone et al. (2010, 

2011) it was the percentage of impervious surfaces in the watershed determined from the 30-

meter resolution NLCD06 data set.  They cite the USGS National Land Cover Database 2006 

(NLCDE06) as the source.     

%HSC, as used in this study, was from GAGES-II.  According to Falcone et al. (2010, 2011) 

it was the percentage of soils in the watershed in hydrologic group C (HSG C).  They report that 

the database layer was developed from STATSGO (the USDA NRCS State Soil Geographic 

Database) by Wolock (1997) and the USDA.    

TEMP in GAGES-II was developed by averaging the average daily MINIMUM air 

temperature and the average daily MAXIMUM air temperature by month to determine the annual 

average daily air temperature for the watersheds, as reported by Falcone et al. (2010, 2011), for 

the calendar years of 1950-2011 using the 4-km PRISM grid from Oregon State University.  

TEMP used in the present study was the average air temperature for the 41-year period of 1950-

1990.   The PRISM units of (
o
C) were converted to (

o
F) to develop the regional model equations 

in this study.   

CSLOPE, as used in this study, was from the HCDN.  Slack and Landwehr (1992) cite Benson 

and Carter (1973) and Benson (1962) for this variable.  CSLOPE (feet per mile) is the slope of 

the main stream channel.  To calculate CSLOPE, the analyst needs to analyze the delineated 

watershed of interest. The steps are as follows: 

First, the analyst must identify what appears to be the main stream in the watershed by 

assessing its various tributaries.  Once identified, follow the USGS topographic map’s blue 

stream line from the outlet of the watershed to where it ends.  Using the elevation contours as a 

guide, extend the stream channel to the edge of the delineated watershed boundary.  Next, 

estimate the total length, LENGTH (miles), of the main stream channel from the watershed outlet 

to the watershed divide.   Starting from the watershed outlet, identify the point along the main 

stream channel that is 10 percent of LENGTH and a second point that is 85 percent of LENGTH 



30 

 

HYSR / 49 School Street / South Dartmouth, MA 02748 USA 

 

from the outlet.  Examine the elevation contours and estimate the elevation (feet) at the first 

point, E10, and the elevation at the second point, E85.   

Figure 6-1 shows a main stream channel with a blue line drawn on top of the USGS stream-

code blue line. The main stream channel extended to the watershed divide is shown as the dashed 

blue line.  E10 and E85 are indicated.  Figure 6-2 is a profile view of the main stream channel 

shown in Figure 6-1.   

 

 

Figure 6-1.  Main Stream Channel Analysis for E10 and E85. 
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Figure 6-2. Main Stream Channel Slope Profile. 

With LENGTH, E10, and E85 determined, CSLOPE is estimated using Equation 6-2. 

            
0.75LENGTH

E - E
  CSLOPE 1085          (6-2) 
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7.  The Regional FDC Model Evaluation 

7.1  Introduction 

 A key part of the regional FDC model development is verification and error analysis.  With 

the three GPA-parameter regression equations updated with new independent variables, HYSR 

evaluated the regional FDC model by comparing observed, fitted, and regional model FDCs at 

eleven USGS gaged watershed sites in New Hampshire.  It was originally planned to perform the 

assessment at each of the twelve New Hampshire stream gage sites that were part of the 

Fennessey (1994) HCDN 166 gages network.  The twelve original Fennessey (1994) HCDN 

sites, including NH4, are shown in Figure 7-1 below.  One of the sites, NH4, the East Branch of 

the Pemigewasset River site at Lincoln, NH, was not among the GAGES-II network and 

therefore could not be part of this assessment.  The eleven sites, their watershed area, and period-

of-record used in the present study are listed in Table 7-1.   

 

Figure 7-1.  New Hampshire Fennessey (1994) HCDN Stream Gage Sites 
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Table 7-1 

Regional FDC Model Evaluation Sites 

SITE_ID GAGE_ID NAME SQ.MI POR
* 

NH1 01052500 DIAMOND RIVER NEAR WENTWORTH LOCATION, NH 148.3 1950-1990 

NH2 01064500 SACO RIVER NEAR CONWAY, NH 383.8 1950-1990 

NH3 01073000 OYSTER RIVER NEAR DURHAM, NH 12.1 1950-1990 

NH5 01075000 PEMIGEWASSET RIVER AT WOODSTOCK, NH 194.8 1950-1977 

NH6 01076000 BAKER RIVER NEAR RUMNEY, NH 142.8 1950-1977 

NH7 01076500 PEMIGEWASSET RIVER AT PLYMOUTH, NH 621.5 1950-1990 

NH8 01078000 SMITH RIVER NEAR BRISTOL, NH 85.9 1950-1990 

NH9 01086000 WARNER RIVER AT DAVISVILLE, NH 147.4 1950-1978 

NH10 01094000 SOUHEGAN RIVER AT MERRIMACK, NH 170.2 1950-1976 

NH11 01137500 AMMONOOSUC RIVER AT BETHLEHEM JUNCTION, NH 88.3 1950-1990 

NH12 01145000 MASCOMA RIVER AT WEST CANAAN, NH 80.4 1950-1978 
*
POR = Water Year Period of record 

7.2  Evaluation of Bias and RMSE for the Regional FDC Model 

Graphs of the observed FDC constructed from stream gage data alone versus the FDC 

constructed using the regional FDC model and each stream gage site’s regression equation 

climate, soil, and topographic variables illustrate the model’s ability to predict the observed FDC 

at an ungaged watershed site.  The fitted FDCs constructed using the GPA probability function 

with its three parameters determined by a statistical analysis of the streamgage data are presented 

on the same graph as the other two FDCs to illustrate how appropriate the GPA is as a basis for 

the regional FDC model.  Graphs for each of the sites listed in Table 7-1 (except for NH4) are 

found in Appendix I.    

As an example, Figure 7-2 shows three FDCs for site NH6, the Baker River near Rumney, 

NH, one of these eleven sites.  The three curves depicted are the observed FDC, the fitted FDC 

with GPA parameters determined from the gage data, and the regional model FDC constructed 

using the regression equations with only the ten watershed variables to estimate the GPA 

parameters. 

The “observed” FDC is constructed using only the observed stream gage data without using a 

probability equation; the “fitted” FDC is constructed using the GPA probability function with the 

three parameter values determined from a statistical analysis of the observed stream gage data; 

and the “model” FDC is constructed using the regression equations for the three GPA parameters 
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that require only the ten watershed-specific climate, soil, and topography independent variables 

specific to that stream gage site.   

The “fitted” FDC was constructed using the sample L-moments estimated from daily stream 

gage data for the 1950-1977 POR.  The L-moments were then used to calculate the three GPA 

parameters for that site. The fitted curve is the best possible match to the observed FDC one can 

achieve when using the GPA probability distribution function, demonstrating its appropriateness.  

The “model” FDC was constructed using the regional FDC model regression equations which 

require the watershed’s soil, climate, and topography characteristics as independent variables to 

determine the three GPA parameter dependent variables, as discussed in detail earlier in this 

report.  Both the fitted and model curves were then constructed using Equation 5-1 with values of 

exceedance probability, p, ranging from 0.001 - 0.999, i.e., percentiles ranging from 0.1 - 99.9%. 

Figure 7-2 indicates that both the fitted and the model FDCs under-predict the observed FDC 

for flows greater than about Q20, a higher flow rate, and less than about Q70, a lower flow rate.  

Between about Q20 and Q70, the fitted and model FDCs over-predict the observed FDC.   
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Figure 7-2.  FDCs for the Baker River near Rumney, NH (142.8 mi
2
) 
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Figure 7-3 shows this outcome in greater detail by focusing on flows less than Q50 to Q99.9 by 

using a Normal probability scale which visually exaggerates the low flow regime to allow for a 

better comparison among the three.  Note that the observed FDC is not as “smooth” as the fitted 

or model FDCs; instead it appears to resemble a staircase.  This is because there are many days in 

the POR where the USGS estimated the same flow rate.  In a POR of 30+ years, HYSR has 

found that there might only be 1000 unique flow rates.   
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Figure 7-3.  FDCs for the Baker River near Rumney, NH (142.8 mi
2
) 

Figure 7-4 shows the relative error between the observed and the fitted FDCs and between the 

observed and model FDCs, including both high and low flow extremes.  The left figure shows 

the error for flows between Q0.1, a very high flow rate, and Q50, the median daily flow.  The right-

side figure shows the model error for flows between Q50 and Q99.9, a very low flow rate. The 

model error, ek(p), for some value of exceedance probability, p, at site k, is estimated using 

Equation 7-1.   
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where Qp(θk) is the GPA quantile function estimated using Equation 5-1 and either the 

statistically determined parameters or alternatively the regional model’s parameter regression 

equations at the gage site k and Q(p)k is the observed flow rate at site k.  For example, if the 

regional FDC model estimated flow rate is larger than the observed FDC rate, the error will be 

positive and if it is less, the error will be negative.   
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Figure 7-4.  Fitted and Model Error for the Baker River near Rumney, NH (142.8 mi
2
) 

The fitted FDC over-predicts the observed high flows by up to about 20 percent at Q0.1, 

whereas the regional FDC model under-predicts the observed high flows by about 20 percent for 

flows greater than about Q5.  The fitted FDC under-predicts the observed low flows by at most 

25 percent at Q99, whereas the regional FDC model under-predicts the observed low flows by 

about 55 percent at Q99.  Both the fitted and regional model FDC error diminishes as the flows 

get smaller than Q99.  A set of four graphs was prepared for the eleven sites listed in Table 7-1.  

These graphs are found in Appendix I.   

A second test was to quantify the error across these eleven sites to estimate a measure of the 

expected error one might obtain when using the regional FDC model at an ungaged site in New 

Hampshire.  The Bias and RMSE (Root Mean Square Error) were calculated across the entire 

FDC.  The Bias indicates the average difference between the model Qp and the observed flow Qp 

, in other words, whether the model systematically predicts too high or too low.  The RMSE 

indicates how variable that difference is across the range of the FDC among the eleven sites and 
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is analogous to a standard deviation of the error.  Equations 7-2 and 7-3 show how the Bias and 

RMSE respectively were determined.   
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Figures 7-5 and 7-6 respectively show Bias and RMSE for the 11 gage sites in New 

Hampshire.     
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Figure 7-5.  Fitted and Regional FDC Model Bias for New Hampshire Stream Gage Sites 
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Figure 7-6.  Fitted and Regional FDC Model RMSE for New Hampshire Stream Gage Sites 

 Figure 7-5, which shows the fitted and model Bias, suggests that, on average, the regional 

FDC model (red line) will under-predict low flows smaller than about Q85 by up to about 40 

percent at most, and over-predict moderate flows between Q10 and Q85 by up to about 20 percent 

at most.   Figure 7-6 shows the fitted and model RMSEs.  The regional FDC RMSE will be about 

50 percent for Q99.  For flows greater than about Q90, the regional FDC model RMSE will be up 

to about 30 percent or less.  A review of the eleven site graphs provided in Appendix I illustrate 

this.   

 It is worth noting that the USGS defines an “Excellent” stream gage record as one for which 

approximately 95 percent of the (published) daily flow values are within 5 percent of the true 

flow rates.  A “Good” stream gage record is one for which approximately 95 percent of the daily 

values are within 10 percent of the true flow rates, and “Fair” is one for which approximately 95 

percent of the (published) daily values are within 15 percent of the true flow rates.  Records that 

do not meet these criteria are considered “Poor.”    

According to the USGS (1999) during the 1999 water year, the stream gage records for the 

Diamond River at Wentworth (NH1) were “good” except for periods of ice effect (Dec. 5 – April 

15), which are fair.   For the 1999 water year, the Saco River near North Conway (NH2), flow 
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records were “good” except for periods of ice effect (Dec. 5 – March 5) which are “fair.”  For the 

Oyster River near Durham (NH3), the daily flow records are “good” except for days when flows 

were estimated and flows were less than 1 cfs and (rated) “fair.”  For the Pemigewasset River at 

Plymouth (NH7), the daily flow records are “good” except for days when flows were estimated 

which are “fair.”  Similarly, the remarks of “good” except for estimated flows noted as “fair” are 

the same for the Smith River near Bristol (NH8) and for the Ammonoosuc River at Bethelehem 

Junction (NH11).  For the Mascoma River at Canaan, (NH12), the records are “fair” because the 

flows are regulated by several lakes.  The other six stream gage sites listed in Table 7-1 were no 

longer in service in 1999.   Because the stream gage measurements at these sites are “good” and 

represent +/- 10 percent and sometimes +/- 15 percent of the true flows, the regional FDC model 

Bias indicates that the model and observed FDCs compare well.         
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8.  Estimates of Protected Instream-Flow Exceedance Probabilities. 

8.1  Introduction 

As Task 2, HYSR was asked to estimate the exceedance probability associated with the 

protected instream-flows (PISF).  As discussed earlier, a streamflow quantile is defined as QP 

where the subscript p equals P[Q>q]x100.  P[Q>q] is the probability that Q exceeds q, where q 

equals the particular flow rate of interest, in this discussion, a specific bioperiod PISF.  PISFs for 

the Souhegan were determined during a protected instream flow study for the Souhegan River 

(University of New Hampshire et al., 2007).  Three river-specific PISFs were defined for each of 

six biologically significant periods that encompass the year.  The Souhegan PISFs are translated 

into streamflow quantiles so they may be used to index quantiles of particular interest for 

instream flow protection for this particular river.   

8.2  Bioperiods and Protected Instream Flows 

The Souhegan River bioperiods and their calendar start-end dates are shown below in Table 8-

1. 

Table 8-1 

Protected Instream Flow Bioperiods 

Bioperiod 

Number Start End Bioperiod 

1 15-Nov 28-Feb Over-Wintering 

2 1-Mar 30-Apr Spring Flood 

3 1-May 14-Jun Shad Spawning 

4 15-Jun 14-Jul GRAF Spawning 

5 15-Jul 30-Sep Rearing & Growth 

6 1-Oct 14-Nov Salmon Spawning 

 

Using available daily streamgage data and river-specific habitat use data, instream flow 

specialists identified three particular protected instream flows for each bioperiod.  These were 

referred to as “Common,” “Critical,” and “Rare.”  Only the Critical and Rare flows are 

commonly applied to management and will be addressed here.  
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 Flow conditions at the Souhegan River USGS streamgage at Merrimack, NH, were used as an 

index station for the PISFs as discussed by the University of New Hampshire (2007).  The USGS 

stream gage ID is 01094000; the period-of-record used by HYSR for the present analysis is 1950-

1976.  The watershed area of the gage site is approximately 170.2 mi
2
.   The Critical and Rare 

flow rates for the Souhegan River at the Souhegan River gage site are shown below in Table 8-2.   

Table 8-2 

Protected Instream Flow Rates for the Souhegan River Watershed at the Souhegan River 

at Merrimack, NH USGS Stream Gage Site  

 

Critical flow Rare Flow 

Bioperiod 

Number Bioperiod 

Critical flow 

(cfs) 

Critical flow 

(cfsm) 

Rare flow 

(cfs) 

Rare flow 

(cfsm) 

1 Over-Wintering 86 0.50 51 0.30 

2 Spring Flood 188 1.1 137 0.80 

3 Shad Spawning 96 0.56 88 0.51 

4 GRAF Spawning 26 0.15 17 0.10 

5 Rearing & Growth 26 0.15 17 0.10 

6 Salmon Spawning 96 0.56 39 0.23 

  

A single PISF magnitude occasionally had to be described here as a range of exceedance 

probabilities.  Multiple occurrences in the historical record of the PISF value meant the PISF 

value occurred across a range of probabilities.  This happens because, as previously mentioned, 

HYSR has determined that for even a 30+ year period-of-record of daily flows, there might only 

be 1000 unique flow numbers reported.  Consequently, for a given bioperiod’s PISF rate, there 

might be a range of exceedance probabilities, as shown in table 8-3 below.   
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Table 8-3 

Protected Instream Flow Rate Exceedance Probabilities for the Lower Souhegan River 

Watershed at the Souhegan River at Merrimack, NH USGS Stream Gage Site  

 

Critical flow Rare Flow 

Bioperiod 

Number Bioperiod 

Critical flow 

(cfsm) 

Critical flow 

P[Q>q]x100 

Rare flow 

(cfsm) 

Rare flow 

P[Q>q]x100 

1 Over-Wintering 0.50 83.7 – 84.2 0.30 94.0 

2 Spring Flood 1.1 91.6 0.80 97.3 

3 Shad Spawning 0.56 90.4 – 90.8 0.51 92.5 

4 GRAF Spawning 0.15 97.8 – 98.5 0.10 99.8 

5 Rearing & Growth 0.15 80.1 – 81.8 0.10 94.4 – 95.2 

6 Salmon Spawning 0.56 35.3 – 35.7 0.23 70.1 – 70.8 

 



43 

 

HYSR / 49 School Street / South Dartmouth, MA 02748 USA 

 

9.  Estimates of Bioperiod Specific Q85 and Q95 at Four USGS Gage Sites 

9.1  Introduction 

As Task 3, HYSR was asked to estimate two low-flow quantiles for each of the six bioperiods 

at four watershed streamgage sites based on the streamflow rates of the Souhegan protected 

instream flows.  However, protected instream flows are not just magnitude, but streamflow rates 

with associated allowable durations defined at critical habitat thresholds (see University of New 

Hampshire et al., 2007).  Defining PISFs by their magnitude alone would be misleading because 

the magnitude is moderated by the duration that stream flows may continue under that 

streamflow rate.   

Protected instream flow criteria are not easily assigned. Flow magnitudes and durations are 

identified by conducting a frequency analysis of the habitat-versus-streamflow relationship.  

These relationships are not yet available for the rivers to be assessed by this method.  

Instead two flow thresholds were selected to represent the streamflow conditions that 

represent the low flows.  These will provide a means of testing the QPPQ Transform estimated 

daily flows at low-flow conditions where instream flow protection is most commonly 

compromised.  It is important to note that these selected values do not represent PISFs and 

should not be interpreted as such.  

Four of the eleven sites listed in Table 7-1were chosen by NHDES for this analysis.  These 

sites were selected to test the QPPQ Transform method across a variety of conditions in a 

possible future study.  These sites represent a broad range of watershed sizes distributed across 

the state and having long periods of record and relatively low anthropogenic influences.  

9.2  The Q85 and Q95 Test Flow Quantiles 

NHDES requested that two quantiles be estimated for each site: the bioperiod-specific Q85 and 

Q95 flow rates.  HYSR will use these in special tests specifically designed to assess the QPPQ 

Transform, which will be the focus of a possible future study.  The four sites chosen by NHDES 

for the present analysis are listed below in Table 9-1.   
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Table 9-1 

PISF Quantile Estimation Sites 

GAGE_ID NAME SQ.MI POR
* 

01052500 DIAMOND RIVER NEAR WENTWORTH LOCATION, NH 148.3 1950-1990 

01064500 SACO RIVER NEAR CONWAY, NH 383.8 1950-1990 

01073000 OYSTER RIVER NEAR DURHAM, NH 12.1 1950-1990 

01076500 PEMIGEWASSET RIVER AT PLYMOUTH, NH 621.5 1950-1990 
*
POR = Water Year Period of record 

Using the Souhegan River bioperiod dates listed in Table 8-1, Tables 9-2 through Tables 9-5 

list estimates of Q85 and Q95 by bioperiod using historic streamflow data from these USGS 

stream gage sites. A similar table for the Souhegan River using the Merrimack, NH stream gage 

for the POR of 1950-1976, which is shown as Table 9-6. 

 

Table 9-2 

Bioperiod-Specific Q85 and Q95 Flow Rates for the Diamond River near Wentworth 

Location, NH USGS Stream Gage Site  

 
Q85 Q95 

Bioperiod 

Number 
Bioperiod (cfs) (cfsm) (cfs) (cfsm) 

1 Over-Wintering 67 0.45 51 0.34 

2 Spring Flood 76 0.51 55 0.37 

3 Shad Spawning 203 1.37 135 0.91 

4 GRAF Spawning 72 0.49 48 0.32 

5 Rearing & Growth 33 0.22 21 0.14 

6 Salmon Spawning 64 0.43 41 0.28 
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Table 9-3 

Bioperiod-Specific Q85 and Q95 Flow Rates for the Saco River near Conway, NH USGS 

Stream Gage Site  

 
Q85 Q95 

Bioperiod 

Number 
Bioperiod (cfs) (cfsm) (cfs) (cfsm) 

1 Over-Wintering 237 0.62 178 0.46 

2 Spring Flood 320 0.83 240 0.63 

3 Shad Spawning 638 1.66 426 1.11 

4 GRAF Spawning 267 0.7 210 0.55 

5 Rearing & Growth 148 0.39 116 0.3 

6 Salmon Spawning 178 0.46 134 0.35 

 

Table 9-4 

Bioperiod-Specific Q85 and Q95 Flow Rates for the Oyster River near Durham, NH USGS 

Stream Gage Site  

 
Q85 Q95 

Bioperiod 

Number 
Bioperiod (cfs) (cfsm) (cfs) (cfsm) 

1 Over-Wintering 4.7 0.39 2.7 0.22 

2 Spring Flood 16.1 1.33 11 0.91 

3 Shad Spawning 6.6 0.54 3.6 0.3 

4 GRAF Spawning 1.5 0.12 1.0 0.08 

5 Rearing & Growth 0.8 0.07 0.6 0.05 

6 Salmon Spawning 1.2 0.1 0.8 0.07 
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Table 9-5 

Bioperiod-Specific Q85 and Q95 Flow Rates for the Pemigewasset River at Plymouth, NH 

USGS Stream Gage Site  

 
Q85 Q95 

Bioperiod 

Number 
Bioperiod (cfs) (cfsm) (cfs) (cfsm) 

1 Over-Wintering 340 0.55 253 0.41 

2 Spring Flood 510 0.82 330 0.53 

3 Shad Spawning 792 1.27 517 0.83 

4 GRAF Spawning 310 0.5 234 0.38 

5 Rearing & Growth 184 0.3 144 0.23 

6 Salmon Spawning 243 0.39 165 0.27 

 

Table 9-6 

Bioperiod-Specific Q85 and Q95 Flow Rates for the Souhegan River at Merrimack, NH 

USGS Stream Gage Site  

 
Q85 Q95 

Bioperiod 

Number 
Bioperiod (cfs) (cfsm) (cfs) (cfsm) 

1 Over-Wintering 84 0.49 46 0.27 

2 Spring Flood 231 1.35 164 0.96 

3 Shad Spawning 115 0.67 75 0.44 

4 GRAF Spawning 41 0.24 31 0.18 

5 Rearing & Growth 24 0.14 17 0.10 

6 Salmon Spawning 27 0.16 21 0.12 

 

Using the data provided in Tables 9-2 through 9-6, Table 9-7 shows the range of Q85 and Q95 

by bioperiod across these five gage sites.  The variation from one watershed to another is quite 
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significant and illustrates that the concept of a one-size-fits-all PISF is probably inappropriate for 

consideration as a planning and management tool.  As mentioned earlier, these quantiles will 

serve to test the QPPQ Transform method in a possible future study.     

Table 9-7 

The Range of Q85 and Q95 Flow Rates by Bioperiod for Five USGS Gaged Watersheds  

Bioperiod 

Number Start End Bioperiod 

Range of Q85 

(cfsm) 

Range of Q95 

(cfsm) 

1 15-Nov 28-Feb Over-Wintering 0.39 - 0.62 0.22 - 0.46 

2 1-Mar 30-Apr Spring Flood 0.51 – 1.35 0.37 – 0.96 

3 1-May 14-Jun Shad Spawning 0.54 – 1.66 0.3 – 1.11 

4 15-Jun 14-Jul GRAF Spawning 0.12 – 0.7 0.08 – 0.55 

5 15-Jul 30-Sep Rearing & Growth 0.07 – 0.39 0.05 – 0.23 

6 1-Oct 14-Nov Salmon Spawning 0.1 – 0.46 0.07 – 0.35 
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10.  QPPQ Transform Method Streamflow Time Series for Testing 

10.1  Introduction 

HYSR was asked to use the updated regional FDC model developed in this study and the 

QPPQ Transform to generate a long period-of-record of estimated daily flows for the five rivers 

at the USGS stream gage sites.  These daily time series data will allow NHDES staff to analyze 

the QPPQ transform generated streamflows and compare them with the actual gage data 

observed at each site.  These sites, their watershed areas, and planned POR are listed in Table 10-

1. 

Table 10-1 

Proposed QPPQ Transform Method Evaluation Sites 

GAGE_ID NAME SQ.MI POR
* 

01094000 SOUHEGAN RIVER AT MERRIMACK, NH 171.2 1950-1976 

01052500 DIAMOND RIVER NEAR WENTWORTH LOCATION, NH 148.3 1950-1990 

01064500 SACO RIVER NEAR CONWAY, NH 383.8 1950-1990 

01073000 OYSTER RIVER NEAR DURHAM, NH 12.1 1950-1990 

01076500 PEMIGEWASSET RIVER AT PLYMOUTH, NH 621.5 1950-1990 
*
POR = Water Year Period of record 

The five sites were specifically chosen by NHDES staff because of the wide range of 

watershed areas they represent.  As previously mentioned, NHDES plans to have HYSR conduct 

a possible future study to evaluate the efficacy of the QPPQ Transform method in New 

Hampshire.   
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11.  Summary and Conclusions 

This study is first of a possible two-part study by HYSR to support NHDES in its efforts to 

determine, evaluate, and protect streamflows on certain rivers and river reaches designated by the 

Legislature.  Because some of those designated rivers have not had gages measuring actual flows, 

NHDES requires a practical and accurate alternative method of estimating historical daily 

streamflows at ungaged sites.  This two-part study considers in depth one such method, the 

QPPQ Transform, which has been adopted by the USGS and several states as a method for 

generating estimated daily streamflows, and applies it to New Hampshire waterways.  

A key component of Fennessey’s 1994 QPPQ Transform method was the application of a 

regional streamflow duration curve (FDC) model at the ungaged site.  The regional FDC model 

was developed using historical daily streamflow data from USGS gage sites located in the 

northeast U.S.  The model is based on a probability distribution function that has three 

parameters.  Separate equations were developed for each parameter.  Each parameter equation is 

solved using a site watershed’s soil, climate, and topography characteristics as independent 

variables.   

The major focus of Task 1 of the present study was revising an earlier regional FDC model 

developed by Fennessey (1994).  This was accomplished by updating the streamgage network 

and using soil, climate, and topographic data from the stream gage network watersheds to create 

three new regression equations.  The new regression equations refine the regional FDC model as 

they are developed using more recent and different sorts of climate, soil, and topographic data 

specific to the watershed of each stream gage in the network.  The regional FDC model and its 

three regression parameter equations have been tested and verified using accepted statistical 

measures.    

To update the regional FDC model, HYSR constructed a network of 142 USGS stream gages 

that were listed in both the originally used Hydro-Climatic Data Network (HCDN) gages 

described by Slack and Landwehr (1992) and the more recently developed Geospatial Attributes 

of Gages for Evaluating Streamflow, version II (GAGES-II, 2017) gage network described by 

Falcone et al. (2010, 2011).  The network gages used to update the regional FDC model are all 

located in New England, New York, Pennsylvania, and New Jersey.  Only streamflow data 
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within a 41-year base-period of 1950 – 1990 was used in the study to ensure an internally 

consistent record.  To be included in the network, each gage had to have a minimum of twenty 

years of record within this base period to ensure that the site had been subjected to a wide range 

of climate, including wet and dry years.   

An analysis of the daily streamflow data was done to estimate special statistics for each gage 

site: L-moments (Linear probability weighted moments).  The sample L-moments were used to 

construct an L-kurtosis diagram.  The L-kurtosis diagram was used to confirm an earlier finding 

(Fennessey, 1994) that daily streamflows in the northeast US are well described by the three-

parameter Generalized Pareto (GPA) probability function.  The sample L-moments were then 

used to estimate the three GPA parameters for each gage site.  Following a regional discordancy 

test, which identifies sites that do not belong, a final network of 133 USGS stream gage sites was 

established.   

A multivariate regression equation was developed for each of the three GPA parameters.  The 

three GPA parameters estimated from each site’s L-moments were used as the dependent 

variable.  A broad range of watershed specific variables from the HCDN and GAGES II network 

were tested as candidate independent variables; among them were soil, climate and topographic 

characteristics.  The three updated regression equations require ten watershed-specific variables 

to solve; the solution results are estimates of the three GPA variables for that watershed.  The 

result is an FDC for an ungaged site without the need for historic stream gage data.  The three 

regression equations and the GPA quantile probability function comprise the regional FDC 

model.   

Goodness-of-fit measures for the regional FDC model parameter regression equations are as 

follows.  For the regression equation for ξ, the GPA lower-bound parameter, the adjusted 

R
2
=0.76.  All model coefficients had p=0.001 or less.  For the regression equation for α, the GPA 

scale parameter, the adjusted R
2
 = 0.97.  All model coefficients had p=0.003 or less.  For the 

regression equation for κ, the GPA shape parameter, the adjusted R
2
 = 0.64.  All model 

coefficients had p=0.008 or less.    

With the regional FDC model updated and finalized, HYSR constructed and compared the 

regional “model” FDCs with the “observed” streamflow FDCs constructed at eleven USGS 
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streamgage sites in New Hampshire.  HYSR also constructed and compared the statistically 

“fitted” GPA FDCs at the same eleven “observed” FDC sites to demonstrate the suitability of the 

GPA as the basis for the regional FDC model.  The goodness-of-fit between the regional “model” 

FDC and “observed” FDC and between the “fitted” GPA FDC and the “observed” FDC was 

determined by estimating the Bias and Root Mean Square Error for both pairs.  HYSR 

determined that the regional FDC model under-predicts low flows, Q85 and smaller, on average 

by approximately 40 percent or less and it over-predicts moderate flows, Q10 – Q85, on average by 

about 20 percent or less.   

The “fitted” versus “observed” FDC test results indicate that the GPA is a good choice of 

probability function to describe daily flows in the northeast U.S.  With regard to the regional 

FDC model requirement of the QPPQ Transform method, the “model” versus “observed” FDC 

test results indicate that the updated regional FDC model does a good job of estimating a daily 

streamflow duration curve at an ungaged site in New Hampshire. 

Task 2 of the study assessed historic observed streamflows for the Souhegan River at 

Merrimack, N.H.  The goal of this work was to clarify some assumptions about the relative 

magnitudes of seasonal flows in this watershed.  The Souhegan River watershed was the subject 

of detailed studies conducted by the University of New Hampshire et al. (2007).  During this 

study, Critical and Rare Protected Instream Flow (PISF) rates were identified for each of six 

bioperiods.   

HYSR determined that neither Critical nor Rare flows are consistent across all bioperiods.  

NHDES had previously observed that the Souhegan’s summertime Critical flow was 

approximately equal to Q80.  Similarly, they had noted that the summertime Rare flows were 

approximately equal to Q95.  HYSR estimated the exceedance probability of the two flow rates in 

each of the other bioperiods for the Souhegan stream gage.  The Critical flows ranged from Q35 

to Q99 and Rare flows ranged from Q70 to Q99.8. In other words, even ignoring the component of 

duration that is integral to the protected flow criteria, discussed by the University of New 

Hampshire et. al. (2007), the range of variability in the Critical and Rare magnitudes shows there 

is no universal or unit (cfs per mi
2
 or cfsm) streamflow rate suited to meeting the habitat needs of 
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the aquatic community.  This finding underscores the need to continue the current process that 

NHDES follows of using habitat and streamflow analysis to define both Critical and Rare flows.  

 Task 3 of the HYSR study was an assessment of historic observed flows at four USGS 

streamgage sites in New Hampshire.  Selected values of Q85, a moderate low flow, and Q95, a 

low flow, were estimated for the six Souhegan bioperiods identified by the University of New 

Hampshire et al. (2007) and used for the Souhegan River watershed assessment mentioned 

above. On a unit discharge (cfsm) basis, depending on the bioperiod, Q85 varied by as much as a 

factor of six across the five gage sites.  Similarly, depending on the bioperiod, Q95 varied by as 

much as a factor of seven across the gage sites.  This reinforces the conclusion from Task 2 of the 

present study, that neither the Q85 nor Q95 flow rates are consistent for all bioperiods.  These 

results clearly indicate the need to perform a PISF assessment for each river basin, as opposed to 

defining PISF criteria on a uniform cfsm basis.   

 In summary, the results of the HYSR study Task 1 indicate that an analyst can construct a 

daily streamflow duration curve (FDC) at some ungaged watershed site located in the northeast 

US with good accuracy.  Tests showed that this FDC compares well with a FDC constructed 

using historic stream gage data.  This updated regional FDC model will serve to improve 

HYSR’s QPPQ Transform method of generating daily streamflows for sites in this region.  The 

results of Task 2 and Task 3 serve to lay the groundwork for a possible future study to compare 

calculated daily flows with gaged daily flows using an approach such as the QPPQ Transform 

method. 
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Appendix I 

New Hampshire USGS Stream Gage Site Assessment 

of the Regional Flow Duration Curve Model. 

 

Site Streamflow Duration and Error Curves 
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Fig. AI-1.  Flow Duration and Error Curves for the Diamond River near Wentworth, NH
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Fig. AI-2.  Flow Duration and Error Curves for the Saco River near Conway, NH 
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Fig. A1-3.  Flow Duration and Error Curves for the Oyster River near Durham, NH 
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Fig. A1-4.  Flow Duration and Error Curves for the Pemigewasset River at Woodstock, NH 
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Fig. AI-5.  Flow Duration and Error Curves for the Baker River near Rumney, NH 



62 

 

HYSR / 49 School Street / South Dartmouth, MA 02748 USA 

 

P[Q>q] x 100

0 10 20 30 40 50 60 70 80 90 100

Q
P

 (
c
fs

)

10

100

1000

10000

100000

10

100

1000

10000

100000

Fitted FDC

Model FDC

Observed FDC

 

P[Q>q] x 100

50 70 80 90 95 98 99 99.899.9

Q
P

 (
c
fs

)

10

100

1000

10

100

1000

Fitted FDC

Model FDC

Observed FDC

 

P[Q>q] x 100

0.1 0.2 0.5 1 2 5 10 20 30 50

e
P
 (

%
)

-100

-50

0

50

100

-100

-50

0

50

100

Fitted FDC

Model FDC

 P[Q>q] x 100

50 70 80 90 95 98 99 99.899.9

e
P
 (

%
)

-100

-50

0

50

100

-100

-50

0

50

100

Fitted FDC

Model FDC

 

Fig. AI-6.  Flow Duration and Error Curves for the Pemigewasset River at Plymouth, NH 
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Fig. AI-7.  Flow Duration and Error Curves for the Smith River near Bristol, NH 
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Fig. AI-8.  Flow Duration and Error Curves for the Warner River at Davisville, NH 
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Fig. AI-9.  Flow Duration and Error Curves for the Souhegan River at Merrimack, NH
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Fig. AI-10.  Flow Duration and Error Curves for the Ammonoosuc River at Bethlehem 

Junction, NH 



67 

 

HYSR / 49 School Street / South Dartmouth, MA 02748 USA 

 

P[Q>q] x 100

0 10 20 30 40 50 60 70 80 90 100

Q
P

 (
c
fs

)

1

10

100

1000

10000

1

10

100

1000

10000

Fitted FDC

Model FDC

Observed FDC

 

P[Q>q] x 100

50 70 80 90 95 98 99 99.899.9

Q
P

 (
c
fs

)

1

10

100

1

10

100

Fitted FDC

Model FDC

Observed FDC

 

P[Q>q] x 100

0.1 0.2 0.5 1 2 5 10 20 30 50

e
P
 (

%
)

-100

-50

0

50

100

-100

-50

0

50

100

Fitted FDC

Model FDC

 P[Q>q] x 100

50 70 80 90 95 98 99 99.899.9

e
P
 (

%
)

-100

-50

0

50

100

-100

-50

0

50

100

Fitted FDC

Model FDC

 

Fig. AI-11.  Flow Duration and Error Curves for the Mascoma River at West Canaan, NH 


