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Cover. Schematic diagram of two scales of analysis for discussion of base flow and groundwater discharge: (top) the reach or 
contributing area scale, and (bottom) the watershed scale. Refer to figure 1 for explanation.



Optimal Hydrograph Separation Using a 
Recursive Digital Filter Constrained by 
Chemical Mass Balance, with Application 
to Selected Chesapeake Bay Watersheds

By Jeff P. Raffensperger, Anna C. Baker, Joel D. Blomquist, and  
Jessica A. Hopple

Scientific Investigations Report 2017–5034

U.S. Department of the Interior
U.S. Geological Survey

National Water Quality Program 
National Water-Quality Assessment Project 



U.S. Department of the Interior
RYAN K. ZINKE, Secretary

U.S. Geological Survey
William H. Werkheiser, Acting Director

U.S. Geological Survey, Reston, Virginia: 2017

For more information on the USGS—the Federal source for science about the Earth, its natural and living  
resources, natural hazards, and the environment—visit https://www.usgs.gov or call 1-888-ASK-USGS

For an overview of USGS information products, including maps, imagery, and publications,  
visit https://store.usgs.gov

Any use of trade, product, or firm names is for descriptive purposes only and does not imply endorsement by the 
U.S. Government.

Although this report is in the public domain, permission must be secured from the individual copyright owners to 
reproduce any copyrighted materials contained within this report.

Suggested citation:
Raffensperger, J.P., Baker, A.C., Blomquist, J.D., and Hopple, J.A., 2017, Optimal hydrograph separation using a  
recursive digital filter constrained by chemical mass balance, with application to selected Chesapeake Bay  
watersheds: U.S. Geological Survey Scientific Investigations Report 2017–5034, 51 p., https://doi.org/10.3133/
sir20175034.

ISSN 2328-031X (print)
ISSN 2328-0328 (online)
ISBN 978-1-4113-4135-7

https://www.usgs.gov
https://store.usgs.gov
https://doi.org/10.3133/sir20175034
https://doi.org/10.3133/sir20175034


iii

Foreword

Sustaining the quality of the Nation’s water resources and the health of our diverse ecosystems 
depends on the availability of sound water-resources data and information to develop effective, 
science-based policies. Effective management of water resources also brings more certainty 
and efficiency to important economic sectors. Taken together, these actions lead to immediate 
and long-term economic, social, and environmental benefits that make a difference to the lives 
of the almost 400 million people projected to live in the U.S. by 2050.

In 1991, Congress established the National Water-Quality Assessment (NAWQA) to address 
where, when, why, and how the Nation’s water quality has changed, or is likely to change 
in the future, in response to human activities and natural factors. Since then, NAWQA has 
been a leading source of scientific data and knowledge used by national, regional, state, and 
local agencies to develop science-based policies and management strategies to improve and 
protect water resources used for drinking water, recreation, irrigation, energy development, 
and ecosystem needs (https://water.usgs.gov/nawqa/applications/). Plans for the third decade 
of NAWQA (2013–23) address priority water-quality issues and science needs identified by 
NAWQA stakeholders, such as the Advisory Committee on Water Information, and the National 
Research Council, and are designed to meet increasing challenges related to population 
growth, increasing needs for clean water, and changing land-use and weather patterns.

Quantitative estimates of groundwater contributions to streamflow are needed to address 
questions concerning the vulnerability and response of the Nation’s water supply to natural 
and human-induced changes in environmental conditions. This report presents a comparison 
of methods for estimating groundwater contributions to streams and applies a new method that 
incorporates stream chemistry data to improve estimates. The method is applied to streamflow 
data from 225 sites in the Chesapeake Bay watershed, where groundwater contributions to 
streamflow may be affecting the lag times between implementation of management practices 
targeted to reduce nutrients and subsequent improvements in water quality. The results of 
this study can be used to address a number of questions regarding the role of groundwater in 
understanding past changes in stream-water quality and forecasting possible future changes, 
such as the timing and magnitude of land use and management practice effects on stream and 
groundwater quality. A companion data release is available online at https://doi.org/10.5066/
F757194G. All NAWQA reports are available online at https://water.usgs.gov/nawqa/bib/.

We hope this publication will provide you with insights and information to meet your water 
resource needs and will foster increased citizen awareness and involvement in the protection 
and restoration of our Nation’s waters. The information in this report is intended primarily for 
those interested or involved in resource management and protection, conservation, regulation, 
and policymaking at the regional and national level.

Dr. Donald W. Cline 
Associate Director for Water
U.S. Geological Survey

https://water.usgs.gov/nawqa/applications/
https://doi.org/10.5066/F757194G
https://doi.org/10.5066/F757194G
https://water.usgs.gov/nawqa/bib/
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By Jeff P. Raffensperger, Anna C. Baker, Joel D. Blomquist, and Jessica A. Hopple

Abstract
Quantitative estimates of base flow are necessary to 

address questions concerning the vulnerability and response 
of the Nation’s water supply to natural and human-induced 
change in environmental conditions. An objective of the U.S. 
Geological Survey National Water-Quality Assessment Project 
is to determine how hydrologic systems are affected by water-
shed characteristics, including land use, land cover, water use, 
climate, and natural characteristics (geology, soil type, and 
topography). An important component of any hydrologic sys-
tem is base flow, generally described as the part of streamflow 
that is sustained between precipitation events, fed to stream 
channels by delayed (usually subsurface) pathways, and more 
specifically as the volumetric discharge of water, estimated 
at a measurement site or gage at the watershed scale, which 
represents groundwater that discharges directly or indirectly to 
stream reaches and is then routed to the measurement point.

Hydrograph separation using a recursive digital filter was 
applied to 225 sites in the Chesapeake Bay watershed. The 
recursive digital filter was chosen for the following reasons: 
it is based in part on the assumption that groundwater acts as 
a linear reservoir, and so has a physical basis; it has only two 
adjustable parameters (alpha, obtained directly from recession 
analysis, and beta, the maximum value of the base-flow index 
that can be modeled by the filter), which can be determined 
objectively and with the same physical basis of groundwater 
reservoir linearity, or that can be optimized by applying a 
chemical-mass-balance constraint. Base-flow estimates from 
the recursive digital filter were compared with those from 
five other hydrograph-separation methods with respect to two 
metrics: the long-term average fraction of streamflow that is 
base flow, or base-flow index, and the fraction of days where 
streamflow is entirely base flow. There was generally good 

correlation between the methods, with some biased slightly 
high and some biased slightly low compared to the recursive 
digital filter. There were notable differences between the days 
at base flow estimated by the different methods, with the 
recursive digital filter having a smaller range of values. This 
was attributed to how the different methods determine ces-
sation of quickflow (the part of streamflow which is not base 
flow).

For 109 Chesapeake Bay watershed sites with available 
specific conductance data, the parameters of the filter were 
optimized using a chemical-mass-balance constraint and two 
different models for the time-dependence of base-flow specific 
conductance. Sixty-seven models were deemed acceptable and 
the results compared well with non-optimized results. There 
are a number of limitations to the optimal hydrograph-separa-
tion approach resulting from the assumptions implicit in the 
conceptual model, the mathematical model, and the approach 
taken to impose chemical mass balance (including tracer 
choice). These limitations may be evidenced by poor model 
results; conversely, poor model fit may provide an indication 
that two-component separation does not adequately describe 
the hydrologic system’s runoff response.

The results of this study may be used to address a number 
of questions regarding the role of groundwater in understand-
ing past changes in stream-water quality and forecasting 
possible future changes, such as the timing and magnitude 
of land-use and management practice effects on stream and 
groundwater quality. Ongoing and future modeling efforts may 
benefit from the estimates of base flow as calibration targets 
or as a means to filter chemical data to model base-flow loads 
and trends. Ultimately, base-flow estimation might provide the 
basis for future work aimed at improving the ability to quan-
tify groundwater discharge, not only at the scale of a gaged 
watershed, but at the scale of individual reaches as well.
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Introduction
An objective of the National Water-Quality Assessment 

(NAWQA) Project is to determine how hydrologic systems are 
affected by watershed characteristics, including land use, land 
cover, water use, climate, and natural characteristics (geology, 
soil type, and topography). An important component of any 
hydrologic system is base flow, broadly described as the part 
of streamflow that is sustained between precipitation events 
and fed to stream channels by delayed (usually subsurface) 
pathways (Price, 2011). Base flow is often considered synony-
mous with groundwater discharge, but this assumption is not 
always valid (Brodie and Hostetler, 2005).

In light of predicted changes in climate and human use of 
water, there is a growing need to study and manage ground-
water and surface water as a single interconnected resource 
(Famiglietti, 2014; McNutt, 2014; Miller and others, 2016), 
although each has different characteristics, such as volume 
and residence time, that may impact water quality differently 
and require individual consideration and quantification. Base 
flow is generally not measured directly, but is estimated using 
a variety of methods. These methods have evolved over time, 
and application is dependent on the goal of the study and the 
nature of the hydrologic system, as well as the availability 
of data. The ability to quantify water budgets, flow paths, 
traveltimes, and base-flow contributions to streams, over a 
range of scales and environments, is an important component 
of improving the understanding of the status and future of the 
Nation’s water quantity and quality.

Base-flow analysis is a valuable strategy in understanding 
the dynamics of the groundwater system, groundwater dis-
charge to streams, and the transport of chemicals to streams, 
and is critical to effective water policy and management. 
Population growth is associated with increasing demands 
on freshwater resources for industry, agriculture, and human 
consumption, and water shortages are not uncommon, even 
in humid regions. Ensuring safe concentrations of contami-
nants associated with wastewater effluent requires accurate 
estimation of base-flow discharge, and contaminants that enter 
stream systems via soil or groundwater storage may be most 
highly concentrated during base flow.

The dynamics of base flow are an important consideration 
for classifying the flow regime, a primary determinant of the 
structure and function of stream ecosystems (Poff and others, 
2010). Base-flow estimates can be an important contribution to 
studies of flow regime and stream ecosystem using tools such 
as the Ecological Limits of Hydrologic Alteration (ELOHA) 
framework (Poff and others, 2010) and the Hydroecological 
Integrity Assessment Process (HIP) (Henriksen and others, 
2006). Urbanization is known to be an important stressor to 
the flow regime and stream ecosystem (Hamel and others, 
2013), and various land-cover changes related to urbanization 
and implementation of Best Management Practices (BMPs) 
designed to mitigate adverse effects in urbanizing areas impact 
the groundwater system that provides base flow to streams.

Purpose and Scope

This report describes the application of several existing 
widely used methods for estimating base flow using hydro-
graph separation, and development and application of a 
base-flow estimation method that uses a Recursive Digital 
Filter (RDF) described by Eckhardt (2005) to separate a daily 
streamflow hydrograph into quickflow and base-flow com-
ponents. The RDF method has a physical basis (assuming 
the groundwater system acts as a linear reservoir), and has 
two parameters that can be determined objectively, one using 
recession analysis and the other using either a backward-mov-
ing filter (Collischonn and Fan, 2013) or an optimal value con-
strained by chemical mass balance using specific conductance 
(SC) (referred to as Optimal Hydrograph Separation, or OHS). 
The two-parameter RDF using the backward-moving filter was 
applied to 225 sites in Chesapeake Bay watershed. The report 
describes and compares the results of the RDF, parameterized 
using recession analysis and the backward-moving filter, with 
widely used graphical methods [PART, HYSEP, and base-
flow index (BFI)] in terms of the long-term average base-flow 
fraction, or BFI, and the fraction of days with 100 percent 
base flow. Hydrograph separation results are in tables as part 
of the report and in a Data Release (Raffensperger and others, 
2017). In addition, OHS was applied to 109 sites for which 
SC data were available. These results are evaluated in terms of 
optimized parameter values and model performance.

Background

Base-Flow Terminology and Concepts

Base flow may be considered at two different scales of 
observation, measurement, and analysis (fi g. 1). The reach 
scale (fi g. 1A) includes both surface and subsurface compo-
nents of a land area that drains or contributes water directly to 
the reach. The reach may be defined as a segment of a stream 
or river between two measurement points, but is more likely to 
be defined as a segment between two confluences, or between 
a confluence and an outlet to a larger surface-water body, such 
as a pond, lake, estuary, or ocean. Ideally, the contributing area 
for the reach should include all runoff (surface and ground-
water) from an area that is defined topographically, and the 
reach itself should be a groundwater divide, although this will 
not always be the case. At the reach scale, the traveltime for 
routing along the reach itself will be relatively small compared 
with the traveltime from infiltration to groundwater discharge. 
Depending on the actual physical size of the contributing area, 
many relevant properties and attributes (land use/land cover, 
precipitation, chemical composition of the precipitation, and 
groundwater) may be considered spatially homogeneous; this 
will generally not be true at scales larger than a few square 
kilometers (km2).
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The watershed scale (fi g. 1B) includes all reaches and 
contributing areas above an outlet or measurement point 
(gage). This scale will generally be larger than the reach scale, 
include all contributing areas from the outlet to the watershed 
divide, and incorporate multiple individual reaches and pos-
sibly several stream orders, including first order or headwater 
streams (for gaged headwater streams, the reach and watershed 
scales may be identical). At the watershed scale, routing 
within the stream network is likely to be a significant process 
affecting the flow of water and the transport of chemicals. 
In-stream chemical processes and physical mixing (including 
hydrodynamic dispersion within the reach and hyporheic zone 

exchange) become significant at this scale. Depending on the 
actual physical size of the watershed, many relevant properties 
and attributes (land use/land cover, precipitation, chemical 
composition of the precipitation, and groundwater) will not be 
spatially homogeneous.

For the purposes of this study, base flow is defined as the 
volumetric discharge of water, estimated at a measurement site 
or gage at the watershed scale, which represents groundwater 
that discharges directly or indirectly to stream reaches and is 
then routed to the measurement point. It may include other 
non-event flow produced by anthropogenic activities (waste-
water treatment plant effluent, subsurface drainage, irrigation 
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Figure 1. Schematic diagram of two scales of analysis for discussion of base flow and 
groundwater discharge: A, the reach or contributing area scale, and B, the watershed scale.
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drainage). The term quickflow is used to describe the part of 
total streamflow that is not base flow. Base flow is generally 
not measured directly, but is estimated from observations of 
streamflow and (or) stream-water chemistry. There are several 
important distinctions between groundwater discharge and 
base flow. Groundwater discharge is difficult to measure, and 
is more likely a model output or estimate from some other 
analysis. Exceptions include measurement differences between 
closely spaced streamgages and use of seepage meters over 
short reaches. Base flow may include anthropogenic sources of 
water such as water treatment plant discharge.

Hydrograph Separation Methods

Base flow is commonly estimated using a variety 
of methods, most of which have the goal of separating a 
streamflow hydrograph into two or more flow components. 
Generally, two components, usually termed base flow and 
quickflow, are estimated. Approaches for estimating base flow 
can be grouped into two broad categories (Miller and others, 
2015): methods that rely on streamflow data alone (including 
graphical methods and digital filters) and tracer- or chemical-
mass-balance methods. Graphical methods initially began 
as manual approaches, using plots of streamflow to estimate 
points where base flow intersects the rising and falling limbs 
of the hydrograph (Blume and others, 2007; Hewlett and 
Hibbert, 1967). Computer programs based on graphical meth-
ods, such as PART (Rutledge, 1998) and HYSEP (Sloto and 
Crouse, 1996), were developed and have been widely applied 
to estimate base flow.

The method employed by PART designates base flow to 
be equal to streamflow on days that fit a requirement of ante-
cedent recession, linearly interpolates base flow for other days, 
and is applied to a long period of record to obtain an estimate 
of the mean rate of groundwater discharge (Rutledge, 1998). 
Linear interpolation of daily values of streamflow is used to 
estimate groundwater discharge during periods of surface run-
off. After a peak in streamflow, the time period when surface 
runoff and interflow (the combination referred to as quickflow) 
are significant is estimated from the following empirical rela-
tion (Linsley and others, 1982):

 0.2N A=  (1)

where N is the number of days past peak, and A is the water-
shed area, in square miles.

HYSEP is another computer program that can be used to 
separate a streamflow hydrograph into base-flow and quick-
flow components. The base-flow component has traditionally 
been associated with groundwater discharge and the quickflow 
component with precipitation that enters the stream via mecha-
nisms such as direct precipitation onto the stream channel 
and overland runoff. HYSEP can be described conceptually 
as a method of interpolating between the low points of the 
streamflow hydrograph. HYSEP includes three algorithms for 

interpolation that are referred to as the fixed-interval, sliding-
interval, and local-minimum methods (Sloto and Crouse, 
1996).

Smoothed minima techniques have also been applied to 
hydrograph separation, wherein base-flow response is derived 
by applying simple smoothing and separation rules to the 
total streamflow hydrograph (Nathan and McMahon, 1990). 
The computer program BFI (for BFI method) (Institute of 
Hydrology, 1980; Wahl and Wahl, 1988, 1995) identifies and 
connects successive minima on a stream hydrograph, and 
defines base flow as the line connecting the minima. The BFI 
method divides the water year into N-day increments and the 
minimum flow for each N-day period is identified, where N 
is a user-specified duration in days. Minimum flows are then 
compared to adjacent minimum flows to determine turning 
points on the base-flow hydrograph. Minimum flows that are 
less than a fixed proportion of adjacent minimum flows are 
designated as turning points, and a straight line is established 
between turning points. The area below this line is an estimate 
of the volume of base flow.

Digital filters have seen increasing application in recent 
years (Arnold and Allen, 1999; Eckhardt, 2005; Vasconcelos 
and others, 2013). These methods aim to separate high fre-
quency and low frequency signals (Nathan and McMahon, 
1990). The digital filtering method proposed by Nathan and 
McMahon (1990) and used in subsequent studies by others 
originated in signal analysis and processing. Although it has 
no physical basis, it is objective and reproducible.

Most hydrograph separation methods (apart from tracer-
based separations) lack a physical basis (Blume and others, 
2007; Furey and Gupta, 2001). This is true of most graphical 
approaches and many filter-based approaches, although sig-
nificant progress has been made in recent years (Collischonn 
and Fan, 2013; Eckhardt, 2005, 2012; Furey and Gupta, 2001, 
2003; Li and others, 2013; Vasconcelos and others, 2013). 
Eckhardt (2005) proposed a generalized RDF based on the 
linear reservoir assumption with two adjustable parameters 
related to base-flow recession rate and the maximum value of 
the BFI, BFImax (Eckhardt, 2005). 

Another approach is to use chemical tracers, such as iso-
topes (Hooper and Shoemaker, 1986; Klaus and McDonnell, 
2013; Sklash and Farvolden, 1979), SC (Miller and others, 
2014; Pellerin and others, 2007; Stewart and others, 2007; 
Zhang and others, 2013), to construct a mass balance for the 
selected tracer and water. It has been suggested that tracer 
mass balance approaches may be more objective than methods 
using streamflow data alone because measured stream con-
centrations and measured or estimated end-member concen-
trations are related to physical and chemical processes in the 
watershed (Miller and others, 2015; Stewart and others, 2007; 
Zhang and others, 2013). Early application of tracer mass bal-
ance methods indicated a possible bias in graphical methods 
and led to research on mechanisms for delivery of ground-
water and soil water to streams during precipitation events 
(Buttle, 1994; McDonnell, 1990; Robson and Neal, 1990; 
Sklash and Farvolden, 1979; Winter, 2007).
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Base Flow in the Chesapeake Bay Watershed

Chesapeake Bay is the largest estuary in the United 
States and a vital ecological and economic resource in the 
Mid-Atlantic region. The Bay and its tributaries have been 
degraded in recent decades by excessive nitrogen and phos-
phorus in the water column, however, which cause harmful 
algal blooms and decreased water clarity, a reduction in 
submerged aquatic vegetation, and lower dissolved oxygen 
concentrations (Ator and Denver, 2015). Since the mid 1980s, 
the USGS has been a partner of the Chesapeake Bay Program 
(CBP), a multi-agency partnership working to restore the Bay 
ecosystem (Phillips, 2007). Significant scientific advances 
have been made in the understanding of the Bay and its water-
shed as a result.

One particular area of research has been quantifying 
the discharge of groundwater as base flow and the traveltime 
or residence time of that water in the subsurface, especially 
as it affects the transport of nitrate (Ator and Denver, 2015; 
Bachman and others, 1998; Focazio and others, 1998; 
Lindsey and others, 2003; Phillips and others, 1999; Phillips 
and Lindsey, 2003; Sanford and Pope, 2013). In one study, 
streamflow data collected at 276 sites in the Chesapeake Bay 
watershed were analyzed by Bachman and others (1998) using 
HYSEP (Sloto and Crouse, 1996) to estimate the total base 
flow. This work indicated that groundwater supplies a signifi-
cant amount (about half) of water and nitrogen to streams in 
the watershed and is therefore an important pathway for nitro-
gen to reach the Chesapeake Bay. Focazio and others (1998) 
used a simple reservoir model, published data, and analyses 
of springwater to estimate residence times and apparent ages 
of groundwater discharge. The age of groundwater in shallow 
aquifers in the Chesapeake Bay watershed ranged from mod-
ern (less than 1 year) to more than 50 years, with a median 
age of 10 years (Phillips and Lindsey, 2003). An important 
implication of these findings is that there will be varying lag 
times between management practices implemented to reduce 
nutrients, and improvements in water quality.

Study Goals

The goals of the study were to evaluate existing methods 
of hydrograph separation, and to suggest a new or enhanced 
improved hydrograph-separation method based on the RDF 
of Eckhardt (2005) that met the following objectives: includes 
some physical basis related to the dynamics of the ground-
water system; is consistent with chemical mass balance 
methods; is as objective as possible; and is reproducible and 
can be automated and applied to multiple sites. The methods 
were evaluated by applying them to selected daily streamflow 
records within the Chesapeake Bay watershed. A secondary 
goal was to provide base-flow estimates for concurrent and 
future investigations of base-flow quantity and quality related 
to land use, land cover, and management practices in the 
Chesapeake Bay watershed.

Hydrograph-Separation Methods

The Institute of Hydrology BFI Method

The BFI method is a widely used computerized graphical 
method based on determination of local minima (Combalicer 
and others, 2008; Gustard and others, 1992; Institute of 
Hydrology, 1980; Wahl and Wahl, 1988, 1995). It has been 
suggested that application of the BFI method could be useful 
in determining periods of base flow for recession analysis 
(David Wolock, USGS, written commun., 2014). The pro-
cedure for the standard BFI method is as follows (Wahl and 
Wahl, 1995):

1. The daily-mean streamflow record is divided into non-
overlapping blocks of N days.

2. The minima for each of these blocks are calculated.

3. For each minimum, if f times the central value is less 
than outer values, the central value is an ordinate for 
the base-flow line. The variable f is referred to as the 
turning point test factor. This procedure is repeated 
until all the data have been analyzed to provide a 
derived set of turning points that will have different 
time periods between them.

4. Linear interpolation between each turning point is used 
to estimate daily values of base flow. (If base flow is 
larger than streamflow on a given day, then base flow 
is set equal to streamflow.)

The BFI is calculated as the total base flow divided by 
the total streamflow. The value for N, which defines the width 
of non-overlapping periods used in the BFI method, typically 
is set to a value of 5 days. However, Wahl and Wahl (1995) 
pointed out that the value of N can be optimized by computing 
the BFI for a range in N values, and then identifying the break 
point in the relation between the N and the BFI values. In this 
study, the break point was determined by (1) computing BFI 
values for a range (1–30) of N values, and then (2) finding the 
break point in the piecewise linear relation. The turning point 
test factor f is adjustable, but in this study a value of 0.9 was 
used.

Recursive Digital Filters

Eckhardt (2005) proposed the following RDF to estimate 
the base-flow component of streamflow:

 
( ) ( )

( )
1

1 1

1
j

j

B j
B

Q Q
Q

   


−

 − + − =
−

 (2)

where α [dimensionless] and β [dimensionless] are adjustable 
parameters, Q [L3/t] is streamflow, QB [L3/t] is base flow, and 
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j is an index representing the time step (typically 1 day). Base 
flow at time step j is restricted to QBj  ≤ Qj. The parameter β is 
identical to the parameter BFImax in Eckhardt (2005). When  
β = 0 or Qj = QBj

,

 
1j jB BQ Q
−

=  (3)

which indicates that α is a recession constant, assuming that 
during dry periods without groundwater recharge base flow 
recedes exponentially, or that the groundwater system acts as a 
linear reservoir. An alternative expression of exponential base-
flow recession is:

 
0

ct
B BQ Q e−=  (4)

where QB [L3/t] is the base-flow discharge at time t after 
recession begins, QB0

 [L3/t] is the base-flow discharge at the 
beginning of the recession period, t is time measured from 
the beginning of the period, and c is the exponential recession 
constant [1/t]. The exponential recession constant c (in eq. 4) 
is related to α (eq. 3) as follows:

 c te − ∆=  (5)

or,

 ( )lnc t= − ∆  (6)

where Δt is the time step. The recession constant α in the 
Eckhardt (2005) RDF may be estimated from streamflow 
data during base-flow periods, ideally when the groundwater 
system is not being recharged.

Estimating the Filter Parameter Alpha
The recession parameter alpha (α) may be determined 

using many different approaches (Cuthbert, 2014; Hall, 1968; 
Rutledge, 1998; Sujono and others, 2004; Tallaksen, 1995). 
For this study, periods of the streamflow record where base 
flow (estimated using the BFI method) was equal to stream-
flow were determined; a minimum number (3) of consecutive 
days of declining streamflow was used to calculate a value 
of α. The distribution statistics are generated, and the median 
value of alpha is chosen for use in the RDF.

Estimating the Filter Parameter Beta
Using a simple sensitivity analysis, Eckhardt (2005) 

found that alpha exerts a weaker influence on calculated base 
flow than beta (β ). However, alpha can be determined by 
recession analysis whereas beta is non-measurable. Therefore, 
the result of the RDF depends strongly on a quantity that 
seemingly can only be determined by fitting. Eckhardt (2005) 
proposed avoiding this problem by empirically finding 

characteristic beta values for classes of watersheds that can be 
distinguished by their physical characteristics. Comparisons of 
the filtering method with conventional separation methods for 
watersheds in Pennsylvania, Maryland, Illinois, and Germany 
yielded the following suggested values:

• Beta = 0.80 for perennial streams with porous aquifers,

• Beta = 0.50 for ephemeral streams with porous 
aquifers, and

• Beta = 0.25 for perennial streams with hard rock 
aquifers.

Collischonn and Fan (2013) proposed a method for esti-
mating beta based entirely on discharge records. The method 
is based on application of a backward-moving filter using a 
previously calculated recession parameter. Collischonn and 
Fan (2013) tested the filter using data from 15 streamflow 
sites in Brazil with differing physical characteristics and 
showed that the beta values obtained were comparable to the 
pre-defined values suggested by Eckhardt (2005) based on the 
class of aquifers encountered in each basin. The Collischonn 
and Fan (2013) method for estimating beta was applied in this 
study, as well as a new method for optimizing beta based on 
chemical mass balance.

Optimal Hydrograph Separation

Rimmer and Hartmann (2014) proposed an optimal 
hydrograph-separation approach that optimizes the value of 
beta for use in the Eckhardt (2005) RDF using geochemical 
data and a mass balance approach. The approach minimizes 
the value of the root-mean-square error RMSE(β ), defined as:

 ( ) ( )
1

22

1
j j

n

obs sim
j

RMSE C C 
=

  = −   
∑  (7)

where:

 ( ) ( )
j j

j

B B S S
sim

j

C Q C Q
C

Q
 +

=  (8)

where Cobsj
 is the n times measured concentration in stream-

flow on day j, Csimj
 is a modeled or simulated streamflow 

concentration described by separated base flow (QBj
) and 

quickflow (QSj
), their sum (Qj = QBj

 + QSj
), and their respec-

tive concentrations CB and CS. In this study, SC is used as the 
geochemical tracer for optimization. Specific conductance has 
been demonstrated to be effective for chemical hydrograph 
separation (Sanford and others, 2012; Stewart and others, 
2007), and was chosen as a proxy for total solute concentra-
tion in the stream; data were available for 109 of the 225 sites 
analyzed in this study (table 1).
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Models of Base-Flow and Quickflow Specific 
Conductance

In the simplest approach, CB and CS are constants esti-
mated through the optimization. However, there are a number 
of other possibilities that were considered in this study, leading 
to alternative models and parameters to be optimized in the 
case of CB.

The quickflow SC (CS) may vary with storm intensity or 
other factors, and might reflect transient (seasonal) or event-
dependent contributions from a variety of sources other than 
precipitation, such as rapid delivery of riparian soil water or 
shallow groundwater, or runoff from agricultural or urban or 
other land uses, or seasonal inputs to the land surface of road 
salt, fertilizer, etc. These possibilities were not considered in 
the present study, and CS is a constant value, estimated through 
optimization.

This study introduced two new approaches to mathemati-
cally model base-flow SC (CB), each with different parameters 
that may be optimized. Both are seen as an improvement over 
specification of a constant value. In the first approach, base-
flow SC is approximated as a sine/cosine function of time. 
This approach attempts to incorporate expected seasonality in 
base-flow SC. It also provides a mechanism for removing (to 
some extent) outliers, such as road-salt spikes, although the 
resultant errors (eq. 7) will impact parameter estimation and 
model fit. The approach is implemented using the following 
concentration function for CB.

 
( )( )

( )( )

*
0

*
0

sin 2 365.25

cos 2 365.25

j

s
B B B j

c
B j

C C C t t

C t t





 = + − 
 + − 

 (9)

in which the base-flow SC on day j (CBj
) is a sum of sine and 

cosine functions of time (tj) with an annual period, described 
by a mean value ( BC ), amplitudes ( *s

BC , *c
BC ), and a starting 

time (t0). In the optimization, the following values are esti-
mated that minimize the RMSE (eq. 7): β, BC , *s

BC , t0, 
*c
BC , and 

CS.
In the second approach, the base-flow SC is filtered or 

represented as a time series similar to the manual approach 
taken by Sanford and others (2012). Filtering would remove 
spurious values; the filtered data could then be modeled using 
the approach described above or some other approach. The 
advantage of filtering is that spurious values of SC do not 
affect the error statistics and optimization. This approach 
involves identifying SC values on base-flow days (according 
to the N-optimized BFI method), and using an algorithm 
to identify peaks (thought to represent base flow) in the SC 
record. The OHS method is programmed in MATLAB® and 
peaks are identified using the Signal Processing Toolbox func-
tion findpeaks. These peaks are used to generate daily interpo-
lated base-flow SC values. In the optimization, the following 
values are estimated that minimize the RMSE (eq. 7):  
β and CS.

Application to Chesapeake Bay 
Watershed

The initial application of the OHS method and com-
parison with other methods focuses on the Chesapeake Bay 
watershed. Questions regarding groundwater discharge, age, 
and residence time and how they impact restoration efforts 
have made the watershed an important area for assessment of 
base flow. Several efforts are underway to estimate base-flow 
loads, trends, and spatially and temporally varying sources of 
nutrients (Paul Capel, USGS, written commun., 2015; Richard 
Smith, USGS, oral commun., 2015).

Site Selection

Sites for analysis in the Chesapeake Bay watershed were 
selected on the basis of their length of record, availability of 
water-quality data, and their inclusion in other ongoing stud-
ies. Two hundred twenty-five sites were selected (table 1). Of 
these, 148 are part of the Chesapeake Nontidal Network and 
selected other sites with state water-quality data, and 152 had 
been independently selected for a statistical analysis of annual 
base-flow nitrogen loads and land use (Paul Capel, USGS, 
written commun., 2015); the two groups had 75 sites in com-
mon. Sites with watershed areas of less than 1 square mile 
(mi2) were excluded. SC data were available for 109 sites.

Comparison of Hydrograph Separation Methods

The hydrograph separation methods PART (Rutledge, 
1998) and HYSEP (Sloto and Crouse, 1996) were applied 
to streamflow data from sites within the Chesapeake Bay 
watershed, using the USGS groundwater toolbox (Barlow and 
others, 2015). The periods of analysis varied depending on 
availability and continuity of data (table 1). The BFI method 
(Institute of Hydrology, 1980; Wahl and Wahl, 1988) was 
programmed in MATLAB and applied to data from the sites, 
using an optimized value of N and f = 0.9. The Eckhardt 
(2005) RDF was programmed in MATLAB and applied to 
streamflow data from the sites. Alpha was determined for each 
site as described previously and beta was estimated using the 
method of Collischonn and Fan (method ECK-CaF, 2013). 
For reasons mentioned earlier and because ECK-CaF can be 
applied to all sites, the ECK-CaF method was the basis for 
comparison with other methods. Hydrograph separation results 
are in a Data Release (Raffensperger and others, 2017). OHS 
method results are discussed in the next section. Values of 
alpha, beta, and the long-term average BFI are given in  
table 2.

Values of alpha ranged from 0.63 to 0.99, with a mean 
of 0.95, and with most values larger than 0.9, especially in 
watersheds larger than 100 mi2 (table 2, fig. 2). The range of 
values of alpha is equivalent to a range of values of the inverse 
recession constant, 1/c, of approximately 2.1 to 100 days  



16  Optimal Hydrograph Separation Using a Recursive Digital Filter Constrained by Chemical Mass Balance
Ta

bl
e 

2.
 

Lo
ng

-te
rm

 a
ve

ra
ge

 b
as

e-
flo

w
 in

de
x 

(B
FI

) p
ro

du
ce

d 
by

 d
iff

er
en

t m
et

ho
ds

.—
Co

nt
in

ue
d

[N
, l

en
gt

h 
of

 p
er

io
d 

us
ed

 fo
r B

FI
 m

et
ho

d,
 in

 d
ay

s;
 f,

 B
FI

 tu
rn

in
g 

po
in

t t
es

t f
ac

to
r; 

al
ph

a,
 re

ce
ss

io
n 

co
ns

ta
nt

; b
et

a,
 m

ax
im

um
 B

FI
, d

et
er

m
in

ed
 u

si
ng

 th
e 

m
et

ho
d 

of
 C

ol
lis

ch
on

n 
an

d 
Fa

n 
(2

01
3)

; f
t3 /s

, c
ub

ic
 fe

et
 

pe
r s

ec
on

d]

Si
te

 n
um

be
r

N
f

A
lp

ha
B

et
a

Av
er

ag
e 

da
ily

  
st

re
am

flo
w

  
(ft

3 /s
)

B
FI

, b
y 

m
et

ho
d

PA
RT

H
YS

EP
-F

ix
ed

H
YS

EP
-

Lo
cM

in
H

YS
EP

-S
lid

e
B

FI
 m

et
ho

d
EC

K-
Ca

F

01
40

98
10

7
0.

9
0.

97
0.

76
14

4
0.

81
0.

76
0.

70
0.

77
0.

60
0.

71
01

41
13

00
7

0.
9

0.
96

0.
83

40
0.

85
0.

86
0.

78
0.

86
0.

68
0.

79
01

48
40

00
7

0.
9

0.
92

0.
73

9
0.

70
0.

74
0.

66
0.

72
0.

55
0.

69
01

48
41

00
6

0.
9

0.
96

0.
81

4
0.

83
0.

81
0.

78
0.

82
0.

70
0.

78
01

48
50

00
9

0.
9

0.
94

0.
67

72
0.

66
0.

64
0.

53
0.

64
0.

38
0.

62
01

48
55

00
7

0.
9

0.
94

0.
59

53
0.

58
0.

58
0.

50
0.

58
0.

38
0.

53
01

48
60

00
6

0.
9

0.
94

0.
66

5
0.

68
0.

70
0.

60
0.

70
0.

46
0.

60
01

48
65

00
4

0.
9

0.
95

0.
65

26
0.

71
0.

75
0.

66
0.

75
0.

58
0.

60
01

48
70

00
7

0.
9

0.
97

0.
86

95
0.

88
0.

84
0.

82
0.

84
0.

75
0.

84
01

48
85

00
6

0.
9

0.
96

0.
71

55
0.

72
0.

67
0.

64
0.

67
0.

57
0.

65
01

49
00

00
6

0.
9

0.
96

0.
72

17
0.

73
0.

76
0.

68
0.

76
0.

57
0.

66
01

49
10

00
7

0.
9

0.
95

0.
68

14
6

0.
66

0.
64

0.
59

0.
64

0.
48

0.
62

01
49

15
00

6
0.

9
0.

96
0.

65
11

0
0.

66
0.

63
0.

60
0.

64
0.

54
0.

59
01

49
31

12
6

0.
9

0.
97

0.
69

8
0.

71
0.

71
0.

69
0.

71
0.

65
0.

59
01

49
35

00
4

0.
9

0.
97

0.
53

12
0.

55
0.

58
0.

53
0.

58
0.

49
0.

44
01

49
50

00
4

0.
9

0.
97

0.
67

71
0.

67
0.

64
0.

63
0.

64
0.

61
0.

61
01

50
25

00
6

0.
9

0.
96

0.
64

1,
00

1
0.

66
0.

62
0.

55
0.

62
0.

48
0.

59
01

50
30

00
6

0.
9

0.
96

0.
68

3,
69

6
0.

65
0.

61
0.

56
0.

61
0.

49
0.

64
01

50
88

03
5

0.
9

0.
96

0.
79

12
8

0.
84

0.
78

0.
71

0.
78

0.
64

0.
76

01
50

91
50

3
0.

9
0.

93
0.

56
22

0.
59

0.
64

0.
55

0.
64

0.
44

0.
50

01
51

50
00

6
0.

9
0.

96
0.

67
9,

57
3

0.
63

0.
59

0.
53

0.
58

0.
51

0.
62

01
51

63
50

5
0.

9
0.

95
0.

57
21

5
0.

61
0.

59
0.

53
0.

59
0.

42
0.

52
01

51
80

00
6

0.
9

0.
94

0.
52

40
0

0.
55

0.
50

0.
45

0.
50

0.
36

0.
47

01
51

85
00

7
0.

9
0.

94
0.

54
11

2
0.

56
0.

54
0.

47
0.

54
0.

31
0.

48
01

51
87

00
7

0.
9

0.
96

0.
45

53
8

0.
53

0.
51

0.
46

0.
51

0.
35

0.
39

01
52

00
00

6
0.

9
0.

92
0.

51
30

9
0.

49
0.

44
0.

39
0.

45
0.

30
0.

46
01

52
70

00
7

0.
9

0.
95

0.
80

56
0.

83
0.

78
0.

65
0.

77
0.

51
0.

77
01

52
70

50
13

0.
9

0.
80

0.
91

4
0.

74
0.

75
0.

65
0.

77
0.

22
0.

90
01

52
80

00
5

0.
9

0.
93

0.
56

76
0.

55
0.

54
0.

48
0.

54
0.

36
0.

50



Application to Chesapeake Bay Watershed  17
Ta

bl
e 

2.
 

Lo
ng

-te
rm

 a
ve

ra
ge

 b
as

e-
flo

w
 in

de
x 

(B
FI

) p
ro

du
ce

d 
by

 d
iff

er
en

t m
et

ho
ds

.—
Co

nt
in

ue
d

[N
, l

en
gt

h 
of

 p
er

io
d 

us
ed

 fo
r B

FI
 m

et
ho

d,
 in

 d
ay

s;
 f,

 B
FI

 tu
rn

in
g 

po
in

t t
es

t f
ac

to
r; 

al
ph

a,
 re

ce
ss

io
n 

co
ns

ta
nt

; b
et

a,
 m

ax
im

um
 B

FI
, d

et
er

m
in

ed
 u

si
ng

 th
e 

m
et

ho
d 

of
 C

ol
lis

ch
on

n 
an

d 
Fa

n 
(2

01
3)

; f
t3 /s

, c
ub

ic
 fe

et
 

pe
r s

ec
on

d]

Si
te

 n
um

be
r

N
f

A
lp

ha
B

et
a

Av
er

ag
e 

da
ily

  
st

re
am

flo
w

  
(ft

3 /s
)

B
FI

, b
y 

m
et

ho
d

PA
RT

H
YS

EP
-F

ix
ed

H
YS

EP
-

Lo
cM

in
H

YS
EP

-S
lid

e
B

FI
 m

et
ho

d
EC

K-
Ca

F

01
52

95
00

6
0.

9
0.

96
0.

63
49

9
0.

65
0.

60
0.

54
0.

60
0.

46
0.

58
01

53
10

00
6

0.
9

0.
97

0.
50

2,
77

6
0.

52
0.

51
0.

47
0.

51
0.

41
0.

44
01

53
15

00
6

0.
9

0.
96

0.
60

11
,2

38
0.

56
0.

55
0.

50
0.

55
0.

48
0.

55
01

53
20

00
6

0.
9

0.
93

0.
55

29
0

0.
53

0.
54

0.
47

0.
53

0.
34

0.
50

01
53

40
00

6
0.

9
0.

95
0.

61
57

7
0.

60
0.

54
0.

49
0.

54
0.

41
0.

56
01

53
60

00
7

0.
9

0.
95

0.
68

48
6

0.
71

0.
63

0.
58

0.
63

0.
46

0.
64

01
53

65
00

7
0.

9
0.

97
0.

59
14

,5
54

0.
56

0.
57

0.
53

0.
57

0.
48

0.
54

01
54

05
00

6
0.

9
0.

96
0.

65
16

,4
27

0.
57

0.
58

0.
54

0.
59

0.
52

0.
60

01
54

10
00

6
0.

9
0.

95
0.

56
55

7
0.

59
0.

53
0.

49
0.

53
0.

40
0.

51
01

54
15

00
6

0.
9

0.
95

0.
60

58
3

0.
63

0.
58

0.
52

0.
58

0.
42

0.
55

01
54

25
00

8
0.

9
0.

97
0.

66
2,

28
3

0.
69

0.
63

0.
58

0.
62

0.
46

0.
61

01
54

30
00

6
0.

9
0.

93
0.

58
45

4
0.

57
0.

51
0.

45
0.

51
0.

36
0.

53
01

54
36

93
6

0.
9

0.
93

0.
70

82
0.

69
0.

63
0.

54
0.

64
0.

40
0.

65
01

54
40

00
6

0.
9

0.
93

0.
60

40
6

0.
58

0.
52

0.
45

0.
52

0.
36

0.
54

01
54

45
00

8
0.

9
0.

93
0.

66
22

9
0.

67
0.

65
0.

53
0.

64
0.

36
0.

61
01

54
50

00
8

0.
9

0.
94

0.
57

37
6

0.
62

0.
62

0.
52

0.
63

0.
34

0.
52

01
54

56
00

7
0.

9
0.

93
0.

73
74

0.
75

0.
69

0.
57

0.
69

0.
43

0.
69

01
54

65
00

6
0.

9
0.

98
0.

86
96

0.
90

0.
86

0.
82

0.
86

0.
77

0.
83

01
54

79
50

5
0.

9
0.

95
0.

71
26

3
0.

78
0.

74
0.

63
0.

74
0.

54
0.

67
01

54
80

05
6

0.
9

0.
98

0.
56

85
5

0.
70

0.
69

0.
62

0.
69

0.
53

0.
50

01
54

95
00

6
0.

9
0.

93
0.

65
59

0.
65

0.
60

0.
51

0.
59

0.
39

0.
60

01
54

97
00

7
0.

9
0.

95
0.

63
1,

40
3

0.
64

0.
59

0.
52

0.
59

0.
41

0.
58

01
55

00
00

6
0.

9
0.

94
0.

64
29

0
0.

65
0.

62
0.

55
0.

62
0.

41
0.

59
01

55
20

00
6

0.
9

0.
95

0.
58

79
8

0.
61

0.
55

0.
50

0.
55

0.
41

0.
52

01
55

35
00

11
0.

9
0.

96
0.

65
10

,9
72

0.
61

0.
57

0.
53

0.
57

0.
40

0.
60

01
55

37
00

4
0.

9
0.

95
0.

47
77

0.
50

0.
48

0.
44

0.
48

0.
38

0.
40

01
55

40
00

7
0.

9
0.

97
0.

64
28

,5
91

0.
56

0.
59

0.
54

0.
59

0.
49

0.
59

01
55

50
00

7
0.

9
0.

97
0.

68
47

7
0.

76
0.

67
0.

62
0.

67
0.

52
0.

64
01

55
54

00
4

0.
9

0.
92

0.
62

66
0.

61
0.

56
0.

49
0.

57
0.

41
0.

57



18  Optimal Hydrograph Separation Using a Recursive Digital Filter Constrained by Chemical Mass Balance
Ta

bl
e 

2.
 

Lo
ng

-te
rm

 a
ve

ra
ge

 b
as

e-
flo

w
 in

de
x 

(B
FI

) p
ro

du
ce

d 
by

 d
iff

er
en

t m
et

ho
ds

.—
Co

nt
in

ue
d

[N
, l

en
gt

h 
of

 p
er

io
d 

us
ed

 fo
r B

FI
 m

et
ho

d,
 in

 d
ay

s;
 f,

 B
FI

 tu
rn

in
g 

po
in

t t
es

t f
ac

to
r; 

al
ph

a,
 re

ce
ss

io
n 

co
ns

ta
nt

; b
et

a,
 m

ax
im

um
 B

FI
, d

et
er

m
in

ed
 u

si
ng

 th
e 

m
et

ho
d 

of
 C

ol
lis

ch
on

n 
an

d 
Fa

n 
(2

01
3)

; f
t3 /s

, c
ub

ic
 fe

et
 

pe
r s

ec
on

d]

Si
te

 n
um

be
r

N
f

A
lp

ha
B

et
a

Av
er

ag
e 

da
ily

  
st

re
am

flo
w

  
(ft

3 /s
)

B
FI

, b
y 

m
et

ho
d

PA
RT

H
YS

EP
-F

ix
ed

H
YS

EP
-

Lo
cM

in
H

YS
EP

-S
lid

e
B

FI
 m

et
ho

d
EC

K-
Ca

F

01
55

55
00

6
0.

9
0.

95
0.

59
24

5
0.

64
0.

61
0.

53
0.

61
0.

41
0.

54
01

55
60

00
7

0.
9

0.
97

0.
59

41
5

0.
66

0.
59

0.
56

0.
60

0.
46

0.
53

01
55

80
00

7
0.

9
0.

97
0.

64
38

0
0.

74
0.

71
0.

65
0.

71
0.

51
0.

59
01

55
97

95
10

0.
9

0.
92

0.
67

28
0.

69
0.

75
0.

59
0.

73
0.

31
0.

61
01

56
20

00
8

0.
9

0.
97

0.
53

96
0

0.
60

0.
56

0.
51

0.
57

0.
39

0.
47

01
56

45
00

4
0.

9
0.

94
0.

54
25

0
0.

58
0.

57
0.

49
0.

57
0.

40
0.

49
01

56
50

00
4

0.
9

0.
97

0.
70

25
7

0.
79

0.
74

0.
67

0.
74

0.
59

0.
65

01
56

70
00

4
0.

9
0.

97
0.

61
4,

41
5

0.
62

0.
57

0.
53

0.
57

0.
57

0.
56

01
56

80
00

4
0.

9
0.

96
0.

58
31

1
0.

63
0.

61
0.

56
0.

61
0.

47
0.

53
01

57
00

00
6

0.
9

0.
97

0.
62

61
2

0.
68

0.
63

0.
59

0.
63

0.
52

0.
57

01
57

05
00

9
0.

9
0.

97
0.

64
35

,1
33

0.
56

0.
60

0.
57

0.
60

0.
48

0.
59

01
57

10
00

5
0.

9
0.

91
0.

49
16

0.
49

0.
51

0.
42

0.
52

0.
30

0.
43

01
57

14
90

16
0.

9
0.

93
0.

86
18

0.
83

0.
85

0.
75

0.
84

0.
52

0.
85

01
57

15
00

6
0.

9
0.

98
0.

76
31

1
0.

81
0.

80
0.

76
0.

80
0.

70
0.

72
01

57
15

50
14

4
0.

9
0.

95
0.

71
5

0.
78

0.
77

0.
66

0.
77

0.
56

0.
67

01
57

18
20

6
0.

9
0.

96
0.

72
88

0.
75

0.
70

0.
63

0.
69

0.
54

0.
67

01
57

20
00

7
0.

9
0.

93
0.

63
72

0.
62

0.
57

0.
50

0.
57

0.
36

0.
58

01
57

20
25

4
0.

9
0.

96
0.

64
22

4
0.

69
0.

65
0.

58
0.

65
0.

52
0.

59
01

57
29

50
7

0.
9

0.
95

0.
70

12
0.

77
0.

77
0.

67
0.

77
0.

47
0.

65
01

57
31

60
10

0.
9

0.
98

0.
81

99
0.

86
0.

83
0.

81
0.

83
0.

67
0.

78
01

57
35

60
12

0.
9

0.
91

0.
71

90
4

0.
60

0.
55

0.
50

0.
54

0.
36

0.
66

01
57

36
95

4
0.

9
0.

95
0.

56
28

0.
57

0.
60

0.
54

0.
60

0.
47

0.
50

01
57

37
10

3
0.

9
0.

96
0.

45
61

0.
47

0.
45

0.
42

0.
45

0.
39

0.
40

01
57

40
00

4
0.

9
0.

95
0.

49
66

7
0.

50
0.

46
0.

43
0.

46
0.

39
0.

44
01

57
55

00
7

0.
9

0.
96

0.
69

22
3

0.
69

0.
67

0.
63

0.
67

0.
51

0.
65

01
57

55
85

9
0.

9
0.

95
0.

72
40

6
0.

67
0.

61
0.

56
0.

61
0.

49
0.

67
01

57
60

00
9

0.
9

0.
96

0.
69

38
,8

42
0.

57
0.

60
0.

57
0.

61
0.

49
0.

64
01

57
60

83
35

8
0.

9
0.

63
0.

82
1

0.
69

0.
67

0.
65

0.
67

0.
46

0.
80

01
57

60
85

4
0.

9
0.

95
0.

58
7

0.
63

0.
64

0.
58

0.
64

0.
47

0.
52



Application to Chesapeake Bay Watershed  19
Ta

bl
e 

2.
 

Lo
ng

-te
rm

 a
ve

ra
ge

 b
as

e-
flo

w
 in

de
x 

(B
FI

) p
ro

du
ce

d 
by

 d
iff

er
en

t m
et

ho
ds

.—
Co

nt
in

ue
d

[N
, l

en
gt

h 
of

 p
er

io
d 

us
ed

 fo
r B

FI
 m

et
ho

d,
 in

 d
ay

s;
 f,

 B
FI

 tu
rn

in
g 

po
in

t t
es

t f
ac

to
r; 

al
ph

a,
 re

ce
ss

io
n 

co
ns

ta
nt

; b
et

a,
 m

ax
im

um
 B

FI
, d

et
er

m
in

ed
 u

si
ng

 th
e 

m
et

ho
d 

of
 C

ol
lis

ch
on

n 
an

d 
Fa

n 
(2

01
3)

; f
t3 /s

, c
ub

ic
 fe

et
 

pe
r s

ec
on

d]

Si
te

 n
um

be
r

N
f

A
lp

ha
B

et
a

Av
er

ag
e 

da
ily

  
st

re
am

flo
w

  
(ft

3 /s
)

B
FI

, b
y 

m
et

ho
d

PA
RT

H
YS

EP
-F

ix
ed

H
YS

EP
-

Lo
cM

in
H

YS
EP

-S
lid

e
B

FI
 m

et
ho

d
EC

K-
Ca

F

01
57

65
20

4
0.

9
0.

97
0.

78
9

0.
81

0.
80

0.
78

0.
80

0.
73

0.
73

01
57

65
21

4
0.

9
0.

96
0.

68
3

0.
69

0.
68

0.
65

0.
68

0.
60

0.
62

01
57

65
29

4
0.

9
0.

94
0.

67
2

0.
69

0.
66

0.
63

0.
67

0.
56

0.
61

01
57

65
40

8
0.

9
0.

96
0.

70
81

0.
71

0.
67

0.
66

0.
67

0.
55

0.
65

01
57

67
54

7
0.

9
0.

98
0.

69
68

7
0.

70
0.

66
0.

64
0.

66
0.

57
0.

65
01

57
67

87
9

0.
9

0.
98

0.
73

19
9

0.
74

0.
73

0.
71

0.
72

0.
65

0.
68

01
57

83
10

5
0.

9
0.

96
0.

50
40

,0
17

0.
40

0.
50

0.
47

0.
51

0.
46

0.
44

01
57

84
75

9
0.

9
0.

97
0.

62
23

0
0.

67
0.

66
0.

64
0.

66
0.

51
0.

56
01

58
00

00
5

0.
9

0.
98

0.
77

12
9

0.
78

0.
75

0.
73

0.
75

0.
70

0.
73

01
58

05
20

4
0.

9
0.

98
0.

75
22

5
0.

75
0.

73
0.

72
0.

73
0.

70
0.

71
01

58
15

00
4

0.
9

0.
96

0.
38

15
0.

39
0.

42
0.

38
0.

42
0.

32
0.

32
01

58
16

49
4

0.
9

0.
95

0.
41

16
0.

43
0.

47
0.

41
0.

46
0.

35
0.

35
01

58
17

52
2

0.
9

0.
94

0.
46

4
0.

46
0.

47
0.

44
0.

47
0.

42
0.

40
01

58
25

00
4

0.
9

0.
98

0.
76

20
2

0.
82

0.
80

0.
77

0.
80

0.
75

0.
72

01
58

35
00

4
0.

9
0.

97
0.

79
70

0.
79

0.
76

0.
75

0.
76

0.
73

0.
75

01
58

39
79

67
4

0.
9

0.
93

0.
44

3
0.

44
0.

45
0.

42
0.

44
0.

36
0.

37
01

58
60

00
5

0.
9

0.
96

0.
72

65
0.

72
0.

69
0.

67
0.

68
0.

63
0.

68
01

58
90

00
10

0.
9

0.
95

0.
65

23
1

0.
63

0.
56

0.
54

0.
57

0.
45

0.
60

01
58

93
00

4
0.

9
0.

96
0.

51
46

0.
50

0.
47

0.
47

0.
47

0.
44

0.
44

01
59

10
00

5
0.

9
0.

96
0.

74
40

0.
73

0.
69

0.
67

0.
69

0.
62

0.
69

01
59

35
00

4
0.

9
0.

96
0.

51
47

0.
51

0.
48

0.
47

0.
48

0.
44

0.
44

01
59

40
00

5
0.

9
0.

97
0.

60
14

1
0.

60
0.

57
0.

56
0.

58
0.

52
0.

54
01

59
44

40
6

0.
9

0.
98

0.
58

37
5

0.
60

0.
58

0.
57

0.
58

0.
52

0.
52

01
59

45
26

7
0.

9
0.

95
0.

46
10

8
0.

45
0.

44
0.

41
0.

44
0.

33
0.

40
01

59
46

70
6

0.
9

0.
94

0.
69

10
0.

69
0.

70
0.

66
0.

71
0.

54
0.

64
01

59
47

10
6

0.
9

0.
94

0.
77

4
0.

76
0.

74
0.

70
0.

74
0.

63
0.

73
01

59
49

30
6

0.
9

0.
95

0.
64

24
0.

72
0.

73
0.

65
0.

73
0.

46
0.

59
01

59
49

36
6

0.
9

0.
90

0.
70

4
0.

69
0.

69
0.

61
0.

69
0.

40
0.

66
01

59
53

00
4

0.
9

0.
92

0.
72

77
0.

68
0.

62
0.

60
0.

62
0.

50
0.

68



20  Optimal Hydrograph Separation Using a Recursive Digital Filter Constrained by Chemical Mass Balance
Ta

bl
e 

2.
 

Lo
ng

-te
rm

 a
ve

ra
ge

 b
as

e-
flo

w
 in

de
x 

(B
FI

) p
ro

du
ce

d 
by

 d
iff

er
en

t m
et

ho
ds

.—
Co

nt
in

ue
d

[N
, l

en
gt

h 
of

 p
er

io
d 

us
ed

 fo
r B

FI
 m

et
ho

d,
 in

 d
ay

s;
 f,

 B
FI

 tu
rn

in
g 

po
in

t t
es

t f
ac

to
r; 

al
ph

a,
 re

ce
ss

io
n 

co
ns

ta
nt

; b
et

a,
 m

ax
im

um
 B

FI
, d

et
er

m
in

ed
 u

si
ng

 th
e 

m
et

ho
d 

of
 C

ol
lis

ch
on

n 
an

d 
Fa

n 
(2

01
3)

; f
t3 /s

, c
ub

ic
 fe

et
 

pe
r s

ec
on

d]

Si
te

 n
um

be
r

N
f

A
lp

ha
B

et
a

Av
er

ag
e 

da
ily

  
st

re
am

flo
w

  
(ft

3 /s
)

B
FI

, b
y 

m
et

ho
d

PA
RT

H
YS

EP
-F

ix
ed

H
YS

EP
-

Lo
cM

in
H

YS
EP

-S
lid

e
B

FI
 m

et
ho

d
EC

K-
Ca

F

01
59

58
00

4
0.

9
0.

99
0.

56
49

3
0.

75
0.

73
0.

69
0.

71
0.

63
0.

48
01

59
65

00
9

0.
9

0.
93

0.
58

78
0.

59
0.

57
0.

49
0.

57
0.

30
0.

53
01

59
90

00
6

0.
9

0.
95

0.
62

89
0.

68
0.

64
0.

56
0.

64
0.

44
0.

58
01

60
10

00
5

0.
9

0.
92

0.
57

23
3

0.
56

0.
56

0.
46

0.
55

0.
35

0.
52

01
60

15
00

7
0.

9
0.

95
0.

57
35

5
0.

62
0.

54
0.

50
0.

55
0.

39
0.

52
01

60
45

00
4

0.
9

0.
94

0.
59

18
1

0.
68

0.
64

0.
51

0.
64

0.
44

0.
55

01
60

55
00

5
0.

9
0.

97
0.

58
18

9
0.

66
0.

63
0.

56
0.

63
0.

48
0.

52
01

60
60

00
6

0.
9

0.
94

0.
58

43
3

0.
59

0.
53

0.
49

0.
53

0.
36

0.
53

01
60

65
00

6
0.

9
0.

96
0.

56
79

6
0.

61
0.

57
0.

52
0.

56
0.

44
0.

50
01

60
75

00
6

0.
9

0.
94

0.
49

10
5

0.
51

0.
50

0.
42

0.
50

0.
31

0.
43

01
60

80
00

6
0.

9
0.

95
0.

53
23

8
0.

56
0.

49
0.

44
0.

49
0.

36
0.

47
01

60
85

00
5

0.
9

0.
97

0.
53

1,
45

5
0.

57
0.

51
0.

47
0.

51
0.

45
0.

47
01

60
90

00
4

0.
9

0.
95

0.
50

15
5

0.
55

0.
54

0.
49

0.
55

0.
39

0.
45

01
61

01
55

4
0.

9
0.

91
0.

49
10

5
0.

46
0.

46
0.

38
0.

46
0.

31
0.

44
01

61
02

00
6

0.
9

0.
92

0.
47

18
6

0.
42

0.
44

0.
37

0.
44

0.
23

0.
41

01
61

04
00

4
0.

9
0.

94
0.

67
17

0.
72

0.
73

0.
61

0.
73

0.
48

0.
62

01
61

15
00

5
0.

9
0.

97
0.

51
60

1
0.

60
0.

55
0.

51
0.

55
0.

44
0.

46
01

61
30

00
6

0.
9

0.
97

0.
56

4,
17

8
0.

56
0.

52
0.

48
0.

52
0.

45
0.

50
01

61
30

30
4

0.
9

0.
95

0.
63

7
0.

66
0.

68
0.

60
0.

70
0.

54
0.

56
01

61
30

50
5

0.
9

0.
90

0.
62

14
0.

59
0.

66
0.

50
0.

67
0.

34
0.

57
01

61
30

95
5

0.
9

0.
93

0.
53

11
6

0.
51

0.
50

0.
43

0.
50

0.
32

0.
48

01
61

35
25

3
0.

9
0.

95
0.

59
21

7
0.

63
0.

61
0.

54
0.

61
0.

49
0.

54
01

61
39

00
5

0.
9

0.
93

0.
48

16
0.

52
0.

59
0.

47
0.

59
0.

33
0.

42
01

61
40

00
5

0.
9

0.
95

0.
50

20
1

0.
53

0.
53

0.
47

0.
53

0.
35

0.
44

01
61

45
00

4
0.

9
0.

97
0.

64
62

8
0.

69
0.

63
0.

59
0.

63
0.

56
0.

59
01

61
48

30
4

0.
9

0.
97

0.
85

8
0.

87
0.

86
0.

83
0.

86
0.

77
0.

82
01

61
50

00
5

0.
9

0.
96

0.
48

53
0.

52
0.

49
0.

45
0.

49
0.

38
0.

42
01

61
64

00
7

0.
9

0.
96

0.
82

16
0.

83
0.

82
0.

78
0.

83
0.

67
0.

79
01

61
65

00
5

0.
9

0.
98

0.
63

26
2

0.
68

0.
63

0.
61

0.
63

0.
58

0.
59



Application to Chesapeake Bay Watershed  21
Ta

bl
e 

2.
 

Lo
ng

-te
rm

 a
ve

ra
ge

 b
as

e-
flo

w
 in

de
x 

(B
FI

) p
ro

du
ce

d 
by

 d
iff

er
en

t m
et

ho
ds

.—
Co

nt
in

ue
d

[N
, l

en
gt

h 
of

 p
er

io
d 

us
ed

 fo
r B

FI
 m

et
ho

d,
 in

 d
ay

s;
 f,

 B
FI

 tu
rn

in
g 

po
in

t t
es

t f
ac

to
r; 

al
ph

a,
 re

ce
ss

io
n 

co
ns

ta
nt

; b
et

a,
 m

ax
im

um
 B

FI
, d

et
er

m
in

ed
 u

si
ng

 th
e 

m
et

ho
d 

of
 C

ol
lis

ch
on

n 
an

d 
Fa

n 
(2

01
3)

; f
t3 /s

, c
ub

ic
 fe

et
 

pe
r s

ec
on

d]

Si
te

 n
um

be
r

N
f

A
lp

ha
B

et
a

Av
er

ag
e 

da
ily

  
st

re
am

flo
w

  
(ft

3 /s
)

B
FI

, b
y 

m
et

ho
d

PA
RT

H
YS

EP
-F

ix
ed

H
YS

EP
-

Lo
cM

in
H

YS
EP

-S
lid

e
B

FI
 m

et
ho

d
EC

K-
Ca

F

01
61

78
00

4
0.

9
0.

97
0.

88
11

0.
90

0.
89

0.
86

0.
89

0.
80

0.
86

01
61

81
00

4
0.

9
0.

98
0.

92
12

0.
96

0.
94

0.
94

0.
95

0.
88

0.
91

01
61

90
00

3
0.

9
0.

97
0.

80
10

6
0.

82
0.

78
0.

73
0.

78
0.

74
0.

76
01

61
95

00
5

0.
9

0.
98

0.
84

31
1

0.
86

0.
80

0.
78

0.
81

0.
76

0.
81

01
62

10
50

5
0.

9
0.

96
0.

68
10

0.
73

0.
73

0.
66

0.
73

0.
54

0.
63

01
62

60
00

5
0.

9
0.

97
0.

65
15

6
0.

74
0.

70
0.

63
0.

69
0.

55
0.

59
01

62
85

00
6

0.
9

0.
98

0.
62

1,
08

8
0.

68
0.

60
0.

57
0.

60
0.

54
0.

56
01

63
10

00
6

0.
9

0.
97

0.
64

1,
58

1
0.

68
0.

62
0.

58
0.

62
0.

55
0.

59
01

63
20

00
6

0.
9

0.
94

0.
45

20
9

0.
47

0.
48

0.
39

0.
48

0.
29

0.
39

01
63

29
00

6
0.

9
0.

97
0.

69
77

0.
72

0.
68

0.
64

0.
68

0.
55

0.
64

01
63

40
00

6
0.

9
0.

97
0.

57
64

5
0.

65
0.

61
0.

56
0.

60
0.

50
0.

51
01

63
45

00
4

0.
9

0.
95

0.
54

10
7

0.
59

0.
56

0.
49

0.
55

0.
43

0.
48

01
63

65
00

6
0.

9
0.

97
0.

66
2,

88
7

0.
66

0.
62

0.
58

0.
62

0.
56

0.
60

01
63

75
00

5
0.

9
0.

94
0.

68
79

0.
69

0.
63

0.
57

0.
63

0.
48

0.
64

01
63

84
80

4
0.

9
0.

94
0.

59
95

0.
59

0.
56

0.
52

0.
55

0.
45

0.
54

01
63

90
00

6
0.

9
0.

94
0.

38
22

2
0.

39
0.

39
0.

35
0.

39
0.

25
0.

33
01

63
95

00
5

0.
9

0.
96

0.
63

11
9

0.
64

0.
61

0.
58

0.
61

0.
53

0.
58

01
64

30
00

6
0.

9
0.

97
0.

54
99

9
0.

55
0.

52
0.

50
0.

53
0.

43
0.

49
01

64
37

00
4

0.
9

0.
95

0.
59

13
5

0.
64

0.
59

0.
54

0.
59

0.
47

0.
54

01
64

40
00

5
0.

9
0.

95
0.

61
35

4
0.

61
0.

54
0.

50
0.

54
0.

45
0.

56
01

64
50

00
5

0.
9

0.
97

0.
64

11
7

0.
65

0.
62

0.
60

0.
63

0.
55

0.
58

01
64

57
04

4
0.

9
0.

94
0.

40
9

0.
41

0.
45

0.
40

0.
45

0.
32

0.
33

01
64

57
62

4
0.

9
0.

93
0.

60
3

0.
59

0.
59

0.
56

0.
59

0.
51

0.
51

01
64

60
00

5
0.

9
0.

96
0.

52
66

0.
52

0.
50

0.
48

0.
50

0.
45

0.
46

01
64

63
05

8
0.

9
0.

75
0.

51
2

0.
44

0.
44

0.
42

0.
44

0.
36

0.
43

01
64

65
00

5
0.

9
0.

96
0.

65
11

,4
36

0.
56

0.
56

0.
52

0.
56

0.
52

0.
60

01
64

80
00

4
0.

9
0.

95
0.

50
68

0.
54

0.
51

0.
47

0.
50

0.
41

0.
45

01
64

91
90

6
0.

9
0.

96
0.

52
14

0.
54

0.
56

0.
52

0.
56

0.
44

0.
46

01
64

95
00

6
0.

9
0.

95
0.

47
88

0.
46

0.
44

0.
43

0.
44

0.
36

0.
40



22  Optimal Hydrograph Separation Using a Recursive Digital Filter Constrained by Chemical Mass Balance
Ta

bl
e 

2.
 

Lo
ng

-te
rm

 a
ve

ra
ge

 b
as

e-
flo

w
 in

de
x 

(B
FI

) p
ro

du
ce

d 
by

 d
iff

er
en

t m
et

ho
ds

.—
Co

nt
in

ue
d

[N
, l

en
gt

h 
of

 p
er

io
d 

us
ed

 fo
r B

FI
 m

et
ho

d,
 in

 d
ay

s;
 f,

 B
FI

 tu
rn

in
g 

po
in

t t
es

t f
ac

to
r; 

al
ph

a,
 re

ce
ss

io
n 

co
ns

ta
nt

; b
et

a,
 m

ax
im

um
 B

FI
, d

et
er

m
in

ed
 u

si
ng

 th
e 

m
et

ho
d 

of
 C

ol
lis

ch
on

n 
an

d 
Fa

n 
(2

01
3)

; f
t3 /s

, c
ub

ic
 fe

et
 

pe
r s

ec
on

d]

Si
te

 n
um

be
r

N
f

A
lp

ha
B

et
a

Av
er

ag
e 

da
ily

  
st

re
am

flo
w

  
(ft

3 /s
)

B
FI

, b
y 

m
et

ho
d

PA
RT

H
YS

EP
-F

ix
ed

H
YS

EP
-

Lo
cM

in
H

YS
EP

-S
lid

e
B

FI
 m

et
ho

d
EC

K-
Ca

F

01
65

10
00

4
0.

9
0.

95
0.

44
55

0.
43

0.
41

0.
40

0.
41

0.
37

0.
38

01
65

18
00

5
0.

9
0.

93
0.

40
5

0.
40

0.
41

0.
38

0.
41

0.
31

0.
33

01
65

36
00

6
0.

9
0.

91
0.

60
46

0.
55

0.
51

0.
48

0.
51

0.
40

0.
54

01
65

40
00

3
0.

9
0.

95
0.

29
31

0.
28

0.
33

0.
29

0.
33

0.
25

0.
23

01
65

65
00

4
0.

9
0.

94
0.

59
47

0.
59

0.
55

0.
49

0.
54

0.
43

0.
54

01
65

69
03

6
0.

9
0.

92
0.

40
7

0.
41

0.
46

0.
37

0.
46

0.
24

0.
33

01
65

80
00

6
0.

9
0.

88
0.

49
62

0.
40

0.
41

0.
37

0.
41

0.
26

0.
43

01
65

85
00

5
0.

9
0.

93
0.

45
7

0.
45

0.
49

0.
42

0.
49

0.
33

0.
38

01
65

90
00

6
0.

9
0.

88
0.

53
5

0.
47

0.
50

0.
45

0.
51

0.
31

0.
45

01
66

09
20

4
0.

9
0.

95
0.

36
86

0.
53

0.
51

0.
47

0.
52

0.
42

0.
32

01
66

10
50

4
0.

9
0.

92
0.

56
18

0.
54

0.
58

0.
51

0.
58

0.
45

0.
48

01
66

28
00

4
0.

9
0.

94
0.

65
25

0.
67

0.
69

0.
61

0.
69

0.
50

0.
60

01
66

35
00

6
0.

9
0.

96
0.

68
33

9
0.

69
0.

61
0.

56
0.

61
0.

50
0.

63
01

66
40

00
6

0.
9

0.
96

0.
64

70
1

0.
63

0.
59

0.
55

0.
59

0.
49

0.
59

01
66

55
00

6
0.

9
0.

96
0.

68
14

4
0.

71
0.

66
0.

59
0.

66
0.

50
0.

62
01

66
65

00
6

0.
9

0.
97

0.
65

22
7

0.
68

0.
65

0.
60

0.
65

0.
53

0.
59

01
66

75
00

6
0.

9
0.

96
0.

63
55

9
0.

65
0.

59
0.

55
0.

59
0.

49
0.

58
01

66
80

00
6

0.
9

0.
96

0.
58

1,
71

6
0.

55
0.

51
0.

49
0.

51
0.

45
0.

53
01

66
95

20
3

0.
9

0.
95

0.
66

12
2

0.
74

0.
73

0.
61

0.
73

0.
62

0.
61

01
67

10
20

6
0.

9
0.

97
0.

41
37

2
0.

50
0.

49
0.

45
0.

49
0.

39
0.

34
01

67
11

00
5

0.
9

0.
93

0.
61

80
0.

58
0.

59
0.

51
0.

58
0.

44
0.

54
01

67
30

00
5

0.
9

0.
97

0.
50

96
1

0.
51

0.
49

0.
46

0.
49

0.
44

0.
44

01
67

38
00

5
0.

9
0.

93
0.

49
73

0.
47

0.
46

0.
42

0.
46

0.
35

0.
42

01
67

40
00

5
0.

9
0.

94
0.

60
22

4
0.

56
0.

53
0.

49
0.

52
0.

43
0.

54
01

67
45

00
5

0.
9

0.
95

0.
72

52
0

0.
67

0.
69

0.
59

0.
68

0.
55

0.
67

01
67

70
00

5
0.

9
0.

95
0.

68
6

0.
71

0.
73

0.
66

0.
73

0.
57

0.
63

02
01

15
00

5
0.

9
0.

95
0.

47
18

1
0.

54
0.

54
0.

46
0.

54
0.

37
0.

41
02

01
25

00
6

0.
9

0.
97

0.
56

49
0

0.
64

0.
58

0.
54

0.
58

0.
46

0.
50

02
01

57
00

4
0.

9
0.

97
0.

57
15

8
0.

65
0.

62
0.

56
0.

61
0.

50
0.

51



Application to Chesapeake Bay Watershed  23
Ta

bl
e 

2.
 

Lo
ng

-te
rm

 a
ve

ra
ge

 b
as

e-
flo

w
 in

de
x 

(B
FI

) p
ro

du
ce

d 
by

 d
iff

er
en

t m
et

ho
ds

.—
Co

nt
in

ue
d

[N
, l

en
gt

h 
of

 p
er

io
d 

us
ed

 fo
r B

FI
 m

et
ho

d,
 in

 d
ay

s;
 f,

 B
FI

 tu
rn

in
g 

po
in

t t
es

t f
ac

to
r; 

al
ph

a,
 re

ce
ss

io
n 

co
ns

ta
nt

; b
et

a,
 m

ax
im

um
 B

FI
, d

et
er

m
in

ed
 u

si
ng

 th
e 

m
et

ho
d 

of
 C

ol
lis

ch
on

n 
an

d 
Fa

n 
(2

01
3)

; f
t3 /s

, c
ub

ic
 fe

et
 

pe
r s

ec
on

d]

Si
te

 n
um

be
r

N
f

A
lp

ha
B

et
a

Av
er

ag
e 

da
ily

  
st

re
am

flo
w

  
(ft

3 /s
)

B
FI

, b
y 

m
et

ho
d

PA
RT

H
YS

EP
-F

ix
ed

H
YS

EP
-

Lo
cM

in
H

YS
EP

-S
lid

e
B

FI
 m

et
ho

d
EC

K-
Ca

F

02
02

05
00

6
0.

9
0.

93
0.

52
16

0
0.

53
0.

51
0.

42
0.

51
0.

31
0.

46
02

02
40

00
6

0.
9

0.
97

0.
57

71
0

0.
62

0.
56

0.
53

0.
57

0.
45

0.
51

02
02

47
52

9
0.

9
0.

98
0.

54
3,

37
4

0.
60

0.
57

0.
53

0.
56

0.
43

0.
48

02
03

10
00

5
0.

9
0.

96
0.

65
10

6
0.

68
0.

63
0.

58
0.

63
0.

52
0.

60
02

03
40

00
5

0.
9

0.
97

0.
57

70
0

0.
58

0.
54

0.
52

0.
55

0.
48

0.
51

02
03

50
00

6
0.

9
0.

96
0.

66
6,

98
1

0.
59

0.
57

0.
54

0.
57

0.
52

0.
61

02
03

75
00

6
0.

9
0.

97
0.

65
7,

17
1

0.
60

0.
57

0.
55

0.
57

0.
53

0.
59

02
03

88
50

4
0.

9
0.

96
0.

61
8

0.
63

0.
65

0.
59

0.
65

0.
54

0.
54

02
03

95
00

5
0.

9
0.

97
0.

55
28

2
0.

58
0.

54
0.

52
0.

54
0.

49
0.

49
02

04
10

00
5

0.
9

0.
95

0.
52

14
1

0.
52

0.
52

0.
47

0.
52

0.
41

0.
45

02
04

16
50

4
0.

9
0.

96
0.

50
1,

18
2

0.
52

0.
51

0.
46

0.
50

0.
46

0.
44

02
04

24
26

2
0.

9
0.

93
0.

26
39

0.
25

0.
25

0.
22

0.
25

0.
22

0.
21

02
04

25
00

6
0.

9
0.

93
0.

69
27

1
0.

66
0.

64
0.

52
0.

64
0.

46
0.

65
03

05
00

00
5

0.
9

0.
92

0.
52

37
8

0.
46

0.
49

0.
44

0.
49

0.
31

0.
46

03
06

50
00

5
0.

9
0.

93
0.

56
84

9
0.

51
0.

48
0.

44
0.

48
0.

37
0.

50
03

06
60

00
6

0.
9

0.
93

0.
58

21
9

0.
56

0.
55

0.
50

0.
55

0.
36

0.
53

03
06

90
00

5
0.

9
0.

94
0.

55
57

0
0.

53
0.

55
0.

50
0.

55
0.

40
0.

50
03

06
95

00
5

0.
9

0.
94

0.
53

1,
85

8
0.

47
0.

48
0.

44
0.

48
0.

37
0.

48
03

07
00

00
4

0.
9

0.
94

0.
53

2,
55

0
0.

47
0.

48
0.

43
0.

48
0.

40
0.

48
03

07
05

00
5

0.
9

0.
93

0.
56

42
3

0.
54

0.
55

0.
49

0.
55

0.
37

0.
51

03
07

66
00

6
0.

9
0.

95
0.

58
94

0.
65

0.
61

0.
53

0.
61

0.
39

0.
53

03
18

05
00

5
0.

9
0.

93
0.

58
27

9
0.

56
0.

56
0.

49
0.

56
0.

38
0.

52



24  Optimal Hydrograph Separation Using a Recursive Digital Filter Constrained by Chemical Mass Balance

(eq. 6). Values of beta ranged from 0.26 to 0.92, with a mean 
of 0.61 (fig. 2, table 2). The range in beta generally decreased 
with increasing watershed area. Values of the BFI determined 
by all six methods displayed a similar pattern, with a range 
from 0.21 to 0.96 (fig. 3).

The long-term average ratio of base flow to streamflow, 
or BFI, provides an important measure of a watershed’s 
response to precipitation and the dynamics of the groundwater 
system. In many cases, the BFI is the sought-after end result 
of hydrograph separation and may be used to help assess the 
water budget for a watershed. It is often used as a surrogate 
for groundwater recharge. For example, the major assump-
tions of PART are that base flow is equivalent to groundwater 
discharge and that effective recharge is approximately equal to 
groundwater discharge (Risser and others, 2005; Sanford and 
others, 2012). The time series produced by hydrograph separa-
tion may also be used to determine the fraction of days when 
base flow reaches some value (for example, 90 or 100 percent 
of streamflow), which may be useful in filtering chemical 
analyses or evaluating seasonality of other aspects of ground-
water discharge. For this study, a value of 100 percent (base 
flow equal to streamflow) was used to assess the fraction of 
base-flow days (table 3).

Values of the BFI and fraction of base-flow days were 
compared for all methods with the ECK-CaF method. There 
is generally a reasonable correlation between the BFI values 
estimated using ECK-CaF and those estimated using PART, 

HYSEP, and BFI, although PART (fig. 4), HYSEP-Fixed  
(fig. 5A), and HYSEP-Slide (fig. 5C) predict higher BFI 
values, and the BFI method (fig. 6) predicts lower values than 
the ECK-CaF method. Values from HYSEP-LocMin (fig. 5B) 
are generally similar to those from ECK-CaF. The scatterplot 
matrix for BFI (fig. 7) from all methods indicates that the BFI 
method consistently predicts lower BFI values compared to 
the other methods, whereas the three different HYSEP BFI 
results are generally comparable. Larger differences are seen 
between the fraction of base-flow days predicted by each 
method. The ECK-CaF method predicts the smallest range of 
values (0.03–0.18), and the PART method predicts the largest 
range (0.08–0.65) (fig. 8).

One cause of differences in the BFI and fraction of days 
at base flow between the ECK-CaF method and the other 
methods relates to how each method quantifies base-flow 
recession. The ECK-CaF method models base-flow recession 
response assuming a linear groundwater reservoir and uses 
a backward filter to approximate base-flow recession during 
events so that base-flow recession during events is consistent 
with streamflow recession (alpha) between events. The other 
methods have no physical basis and make no assumptions 
regarding base-flow recession. As a result, base flow does not 
recede smoothly and continuously using the other methods, 
especially during events (rises and falls) in the streamflow 
hydrograph, and may display artifacts such as sudden slope 
breaks or plateaus (fig. 9).
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Figure 2. Values of alpha and beta as functions of watershed 
area.

Figure 3. Values of the base-flow index (BFI) as a function of 
watershed area.
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Differences in the BFI and fraction of days at base flow 
are also related to how each separation method determines 
the timing of return to base flow, or cessation of quickflow, 
following a peak in streamflow. The method used by PART 
involves two steps: (1) locating periods of negligible quick-
flow and designating that groundwater discharge (base flow) 
equals streamflow during these periods, and (2) interpolating 
groundwater discharge between these periods. The decision 
that quickflow is negligible is based on antecedent recession, 
using the empirical relation of eq. (1). For a given day, the 
antecedent recession requirement is met if recession has been 
continuous for N days or more preceding the day. Therefore, 
the return to base flow (and the fraction of days at base flow) 
is a function of watershed area and time between streamflow 
peaks. PART characteristically displays peaks in base flow 
on the falling limb of the streamflow hydrograph that are not 
likely attributable to physical processes (fig. 9).

HYSEP (Sloto and Crouse, 1996) also uses eq. (1) as 
the basis for hydrograph-separation algorithms referred to 
as fixed interval, sliding interval, and local minimum. The 
fixed-interval algorithm assigns the lowest discharge in each 
2N ' (the odd integer nearest 2N) interval to all days in that 
interval starting with the first day of the period of record. The 
discharge at that point is assigned to all days in the interval 
and is considered base flow. The sliding-interval algorithm is 
similar but uses moving (or sliding) overlapping 2N ' intervals. 
The local-minimum method checks each day to determine if 
it is the lowest discharge in one-half the interval minus 1 day 
before and after the day being considered. If it is, then it is a 

local minimum and is connected by straight lines to adjacent 
local minimums; the base-flow values for each day between 
local minimums are estimated by linear interpolation. As with 
the PART method, discontinuities and steps are observed in the 
estimated base-flow hydrograph that are not likely attributable 
to physical processes (fig. 9).

The BFI method (Institute of Hydrology, 1980; Wahl and 
Wahl, 1988) is similar to the HYSEP fixed-interval algorithm, 
using non-overlapping blocks of N days, where N is either 
assigned a value (typically 5) or determined using another 
approach, such as the optimization described earlier. Once 
the minima for each block are determined, ordinates (termed 
turning points) for the base-flow line are selected on the basis 
of a comparison of a fraction ( f ) of the central value and 
the surrounding values. Linear interpolation between each 
turning point is used to estimate daily values of base flow. This 
method is also prone to discontinuous base-flow time series 
(fig. 9), and involves two adjustable parameters (N, f ) that do 
not have a physical basis.

The ECK-CaF method does not presume or estimate  
a priori the timing of quickflow cessation, but allows the algo-
rithm (eq. 2) to determine periods where streamflow is entirely 
base flow (where recession is occurring at a rate represented 
by α, with base flow restricted by QBj

 ≤ Qj), dependent on the 
value of β. The magnitude, length, and closeness of event run-
off peaks affect the pattern of base flow and quickflow (fig. 9).

A simple graphical analysis was conducted to examine 
the relative sensitivity of base-flow estimates to values of 
alpha and beta for the ECK-CaF method. Alpha and beta were 
varied over the range observed for the majority of the 225 sites 
(fig. 2), with alpha varying from 0.95 to 0.99, and beta varying 
from 0.25 to 0.95. This was done for all sites for the period(s) 
of analysis, but the results were similar across sites and time. 
BFI values and the fraction of days at base flow are shown in 
figure 10 for Conococheague Creek (USGS site 01614500) 
for water year 2009. Both BFI and the fraction of days at base 
flow were more sensitive to beta than alpha over the range 
of values examined. This is due in part to the larger relative 
range in values of beta analyzed for sensitivity, and also serves 
to highlight the need to find the best possible value of (or 
optimize) beta.

Results of Optimal Hydrograph Separation (OHS)

The OHS (method ECK-OHS) was performed using 
streamflow and SC data for 109 of the 225 Chesapeake Bay 
watershed sites with available SC data. Quickflow SC (CS) 
was assumed to be constant and two models for base-flow SC 
(CB) were used. One model used a sine-cosine function (model 
sin-cos) and the other used a peak-fitting algorithm (model 
SCfit). The parameters that were optimized (including CS 
and model parameters for CB) were described earlier. Not all 
models provided satisfactory results. A subset of models were 
selected that met the following criteria: beta was considered 
“optimized” because it didn’t reach imposed optimization 
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Figure 7. Scatterplot matrix of the base-flow index (BFI) compared for all methods.
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Figure 9. Hydrographs for water year 2009 showing total streamflow and base flow estimated using all methods for site 01614500, 
Conococheague Creek at Fairview, Maryland. (%, percent; N, length of period used for the base-flow index (BFI) method, in days;  
f, BFI turning point test factor)
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A. Alpha sensitivity, site 01614500

B. Beta sensitivity, site 01614500
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Figure 10. Hydrographs showing base flow estimated using the ECK-CaF method for varying values of A, alpha, and B, beta for site 
01614500, Conococheague Creek at Fairview, Maryland. (BFI, base-flow index; %, percent)
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limits (0.20 and 0.99); and the Nash-Sutcliffe efficiency was 
larger than 0.30. The Nash-Sutcliffe efficiency is calculated as:

 ( )
( )

2

1

2

1

1
j j

j

n

obs sim
j

n

obs obs
j

C C
E

C C


 =

=

 − 
= −

 − 

∑

∑
 (10)

where obsC  = the mean observed concentration and the other 
terms have been defined previously. Values of the Nash-
Sutcliffe efficiency equal to 1 indicate a perfect fit between 
observed and predicted values, and efficiencies equal to or less 
than 0 indicate that the model is predicting no better than the 
average of the observed data. Finally, where both models for 
CB provided models that met these criteria, a choice between 
the two was made on the basis of the Nash-Sutcliffe efficiency 
and closeness of beta to the value determined using the 
Collischonn and Fan (2013) method. Sixty-seven models were 
considered acceptable, of which 52 used model SCfit and 15 
used model sin-cos (table 4). Examples demonstrating model 
fit are shown in figures 11 and 12.

Values of beta estimated using the ECK-CaF and ECK-
OHS methods are compared for the 67 acceptable models in 
figure 13. The mean values are very similar (0.610 and 0.608 
for ECK-CaF and ECK-OHS, respectively). However, the 
range of values is larger for values of beta determined using 
ECK-OHS (0.20 to 0.99) than for values determined using 
ECK-CaF (0.40 to 0.86), and there is not a strong 1:1 relation 
(fig. 13). Similarly, the range of values for BFI from ECK-
OHS (0.20 to 0.93) is larger than the range of values from 
ECK-CaF (0.33 to 0.85; fig. 14). The mean BFI values are 
identical (0.56), within precision limits.

For the fraction of days at base flow, it was shown previ-
ously that the range for the ECK-CaF method was smaller 
than for the other methods (fig. 8). Imposing chemical mass 
balance to optimize beta (ECK-OHS) increased the range of 
beta values and the fraction of days at base flow (fig. 15). The 
range in fraction of days at base flow for ECK-OHS is similar 
to the range for the PART, HYSEP, and BFI methods (fig. 8), 
although ECK-OHS does produce several values that are 
smaller than the other methods. 

Application of the Eckhardt (2005) RDF to estimate base 
flow from streamflow data requires estimation of the param-
eters alpha and beta. Alpha is a recession constant that may be 
estimated from streamflow during recession periods. Beta may 
be estimated using the backward-running filter of Collischonn 
and Fan (2013) without the requirement of additional data, or 
it may be estimated using a mass-balance constraint if chemi-
cal tracer data are available. The results of this study indicate 
that ECK-OHS produces values of beta (for watersheds dem-
onstrating acceptable model fit) that are similar on average to 
values produced by ECK-CaF, but have a larger range. Where 
ECK-OHS-derived beta values are smaller than ECK-CaF-
derived values, the SC data indicate a larger component of 
flow characterized by CS. This may indicate larger contribu-
tions of relatively new water from intermediate flow paths 
between rapid direct runoff and deeper groundwater discharge. 

Larger beta values indicate larger base-flow contributions, 
with stream SC during events more closely resembling base-
flow SC (CB). In either case, other factors (such as groundwa-
ter reservoir nonlinearity) may be responsible for the differ-
ences in beta produced by the two methods.

Limitations of Hydrograph Separation
There are a number of limitations to the OHS approach 

resulting from the assumptions implicit in the conceptual 
model, the RDF method, and the approach taken to 
impose chemical mass balance (including tracer choice). 
Conceptually, base flow is considered one of two and only two 
components of runoff. This may be insufficient to characterize 
systems with more complex or diverse hydrologic compart-
ments or components (such as interflow or subsurface storm- 
flow, movement of soil moisture, macropore flow) or with 
human modification (including diversions, dams, point sources 
and sinks, artificial drainage, and others) (Bazemore and oth-
ers, 1994; Cartwright and others, 2014; Freeze, 1974; Klaus 
and McDonnell, 2013; Sanford and others, 2012; Vasconcelos 
and others, 2013). In some of these cases, multiple compo-
nents may need definition, possibly using multiple tracers in 
an end-member mixing analysis (Genereux and others, 1993; 
Hooper and others, 1990; Kronholm and Capel, 2015).

The RDF invokes a linearity assumption for the ground-
water reservoir, so that discharge of groundwater is propor-
tional to volume in storage. This assumption may not be valid 
in regions where groundwater storage varies substantially, 
seasonally or annually, or where aquifer properties vary with 
storage (Aksoy and Wittenberg, 2011; Halford and Mayer, 
2000; Hall, 1968). The linear reservoir assumption may 
also be violated when base flow (estimated at a gage) is not 
synonymous or synchronous with groundwater discharge. 
Channel expansion and contraction, routing, hyporheic zone 
water exchange, and other geomorphic and scale effects may 
apparently alter the simplistic linear groundwater reservoir 
model (Mutzner and others, 2013).

Tracer-mass-balance methods generally rely upon the 
assumption that end-member tracer concentrations are non-
reactive, temporally constant, spatially homogeneous, and 
unique to each end member. A number of different tracers 
have been used that vary in their reactivity, adherence to 
constancy assumptions, and ease and cost of analysis. SC may 
in some cases meet these requirements (Stewart and others, 
2007) and is widely available, but may not be suitable in all 
watersheds. For the Chesapeake Bay watershed sites consid-
ered in this study, other sources of salt (road salt, fertilizer) 
were especially problematic. Finally, even when considered 
time varying, as is the case in this study for CB, the models for 
time variance may be subjective or require additional data or 
parameter information. The impact of all these limitations may 
be evidenced by poor OHS model results; conversely, poor 
model fit may provide an indication that two-component sepa-
ration does not adequately describe the hydrologic system’s 
runoff response.
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Figure 11. Optimal hydrograph separation results using the sin-cos model for base-flow specific conductance (SC) for site 02015700, 
Bullpasture River at Williamsville, Virginia, showing A, simulated compared to observed SC, B, the streamflow hydrograph, and  
C, time series of simulated and observed SC values and simulated base-flow SC.
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Figure 12. Optimal hydrograph separation results using the SCfit model for base-flow specific conductance (SC) for site 01516350, 
Tioga River near Mansfield, Pennsylvania, showing A, simulated compared to observed SC, B, the streamflow hydrograph, and  
C, time series of simulated and observed SC values and simulated base-flow SC.
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Figure 13. Comparison of beta values estimated using the 
ECK-OHS and ECK-CaF methods for 67 acceptable models.

Figure 15. Comparison of fraction of days at base flow 
estimated using the ECK-OHS and ECK-CaF methods for 67 
acceptable models.

Figure 14. Comparison of base-flow index (BFI) values 
estimated using the ECK-OHS and ECK-CaF methods for 67 
acceptable models.
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Summary and Conclusions
An important component of a hydrologic system is 

base flow, broadly described as the part of streamflow that 
is sustained between precipitation events and fed to stream 
channels by delayed (usually subsurface) pathways. Base flow 
is generally not measured directly, but is estimated using a 
variety of methods, most commonly hydrograph separation. 
The ability to quantify water budgets, flow paths, traveltimes, 
and base-flow contributions to streams, over a range of scales 
and environments, is critical to improving the understanding 
of the status and future of the Nation’s water quality.

A study was undertaken to evaluate the existing methods 
of hydrograph separation, and to suggest a new or enhanced 
hydrograph-separation method that met the following goals 
and objectives: includes some physical basis related to the 
dynamics of the groundwater system; is consistent with chemi-
cal mass balance methods; is as objective as possible, and is 
reproducible and can be automated and applied to multiple 
sites. Widely used graphical and filtering methods PART, 
HYSEP, and Base-Flow Index (BFI) were evaluated, along 
with a recursive digital filter (RDF). The RDF was appealing 
for the following reasons: it is based in part on the assumption 
that groundwater acts as a linear reservoir, and so has a physi-
cal basis; it has only two adjustable parameters, which can be 
determined objectively and theoretically with the same physi-
cal basis of groundwater reservoir linearity, or which can be 
optimized by applying a chemical mass balance constraint.

Substantial work has been done to evaluate the effective-
ness of chemical tracers as a means of elucidating sources and 
flow paths for water in streams. These studies have shown 
differences in the results of hydrograph separation using 
graphical and chemical-tracer-based methods. Often these 
comparisons demonstrate bias in one method or the other, and 
indicate that tracer-based methods, or chemical mass balance 
constraints, provide important information beyond routine 
application of standard separation methods. All separation 
methods have assumptions that may limit the value of their 
application, and that must be understood in order to determine 
their benefit.

The RDF used in this study has two adjustable param-
eters: a base-flow recession constant alpha (α), quantified in 
this study using recession analysis, and beta (β ), a measure of 
the maximum base-flow fraction or BFI. The latter was deter-
mined using a backward-running filter (method ECK-CaF). All 
methods (PART, HYSEP, BFI, and ECK-CaF) were applied 
to data from 225 selected streamgages in the Chesapeake Bay 
watershed. Results from the PART, HYSEP, and BFI methods 
were compared to the ECK-CaF method with respect to two 
general metrics: the long-term average fraction of streamflow 
that is base flow (BFI), and the fraction of days where stream-
flow is entirely base flow. There was generally good correla-
tion between the methods, with some biased slightly high and 
some biased slightly low compared to ECK-CaF. There were 
differences among the fraction of days at base flow for the 
different methods, with ECK-CaF having a smaller range of 

values. This was attributed to how the different methods deter-
mine the cessation of quickflow.

Optimal hydrograph separation (method ECK-OHS), 
which uses the RDF with beta optimized using chemical 
mass balance constrained by specific conductance (SC), was 
performed using streamflow and SC data for 109 of the 225 
Chesapeake Bay watershed sites with available SC data. 
Quickflow SC (CS) was assumed to be constant and two new 
models for base-flow SC (CB) were used. One model used 
a sine-cosine function (model sin-cos) and the other used a 
peak-fitting algorithm (model SCfit). Sixty-seven models 
were deemed acceptable and the results were compared with 
the ECK-CaF results. Imposing chemical mass balance to 
optimize beta (ECK-OHS) increased the range of beta values, 
BFI values, and fraction of days at base flow. The ECK-CaF 
method is widely applicable and meets the goals of the study 
by incorporating a physical basis and allowing for objective 
parameter estimation. ECK-OHS is a refinement of the 
ECK-CaF method that incorporates important chemical tracer 
information through a mass-balance constraint and provides 
additional insight into the applicability of the two-component 
model for hydrograph separation.

Hydrograph separation may have many objectives, not 
the least of which is providing insight into runoff-generation 
mechanisms and processes. Those processes are usually 
complex and hydrograph-separation methods all must make 
some simplifying assumptions. It has been noted that time-
source (event and pre-event water) and geographic-source (for 
example, direct or surface runoff, direct precipitation onto the 
channel, groundwater discharge) components can be deter-
mined using tracers but that runoff mechanism-source com-
ponents typically can not and must be inferred in other ways. 
Most graphical and filtering hydrograph-separation methods 
may be considered as quantifying geographic-source compo-
nents (direct runoff and channel precipitation as quickflow 
and groundwater as base flow), although it is not clear that the 
methods identify these exact components. Often, the practical 
goal is to determine the timing, magnitude, and duration of 
quickflow or direct runoff. Chemical mass balance methods 
may be used to greater advantage to identify the groundwater 
component of runoff, especially when combined with a physi-
cal model for the dynamics of the groundwater system.

The results of this study may be used to address a number 
of questions regarding the role of groundwater in understand-
ing past changes in stream-water quality and forecasting pos-
sible future changes, such as the timing and magnitude of the 
effects of land use and management practices on stream-water 
and groundwater quality. Ongoing and future modeling efforts 
in the Chesapeake Bay watershed and other watersheds may 
benefit from the estimates of base flow as calibration targets 
or as a means to filter chemical data to model base-flow loads 
and trends. Ultimately, base-flow estimation might provide the 
basis for future work aimed at improving the ability to quan-
tify groundwater discharge, not only at the scale of a gaged 
watershed, but at the scale of individual reaches.
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