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Two baseflow separation methods based on daily average

gage height and discharge

Weifei Yang, Changlai Xiao, Xiujuan Liang and Zhihao Zhang
ABSTRACT
Hydrologists are urgently seeking to find a more universal and inexpensive tracer for baseflow

separation, and gage height may form an appropriate choice. This study derives the gage height

mass balance (GHMB) and gage height power function (GHPF) methods using a two-component mass

balance equation based on the relationship between the gage height and streamflow. The GHMB and

GHPF methods are corrected by comparing the results of the conductivity mass balance (CMB),

conductivity power function (CMBPF), GHMB, and GHPF methods in 20 basins in the United States.

Subsequently, the corrected GHMB and GHPF methods are applied to seven other basins. The results

indicate that: (1) the baseflow index (BFI) values calculated from the GHMB and GHPF methods are in

good agreement with those of conventional methods; (2) the daily baseflow calculated as per the

GHMB and GHPF methods can be suitably fitted with the CMB method; (3) the baseflow is

significantly suppressed when the flood peak is larger, and deviations between the GHMB, GHPF, and

CMB results are mainly observed for flood events with a large flood peak. As a tracer, the gage height

can reasonably separate the baseflow, and the results indicate the efficacy of the methods.
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INTRODUCTION
Streamflow refers to the flow of water in streams, rivers,

and other channels, and it forms a major element of

the water cycle. Streamflow is usually divided into surface

runoff and baseflow, where baseflow is the groundwater

contribution to streamflow. Water resource management,

groundwater resource calculations, and hydrogeological

modeling all require reasonable estimations of the baseflow

(Zhang et al. ; Saraiva Okello et al. ). Saraiva Okello

et al. () quantified runoff components in a semi-arid

mesoscale catchment in South Africa using a tracer-based

hydrograph separation method and digital filters. Bastola

et al. () identified the annual and monthly contributions

of baseflow to streamflow in Nepal using three different sep-

aration methods. Bahrami et al. () studied the effect of

different baseflow separation methods on flood hydrograph
simulation, etc. Thus, it is important to use a suitable

method for baseflow separation.

There are many kinds of baseflow separation methods,

which can be divided into three categories according to

the different separation mechanisms involved. The first cat-

egory involves the time-step methods, which usually divide

streamflow sequences into several small units according

to a certain time-step N, and subsequently, the minimum

value in each unit is selected to obtain the baseflow via

linear interpolation. Such methods mainly include the BFI

method (Wahl & Wahl ), HYSEP method (Sloto &

Crouse ), and UKIH method (Piggott et al. ). The

baseflow sequences obtained via these methods are usually

not sufficiently smooth, which does not accurately reflect

the actual situation. The second category involves the use
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of low-pass filters, corresponding to methods such as the

Lyne–Hollick method (Lyne & Hollick ), Chapman–

Maxwell method (Chapman ), and Eckhardt method

(Eckhardt , ), which are based on advances in

signal processing. Such methods often require the determi-

nation of the recession constant and BFImax (Eckhardt

). The low-pass filter methods have no obvious physical

meaning corresponding to stream basins, and those methods

cannot reasonably reflect actual hydrogeological conditions.

In general, these methods need to be calibrated based on

the mass balance method (Lott & Stewart ). The third

category is composed of the mass balance methods, which

use natural environmental tracers to separate the baseflow

based on the mass balance equation (Cey et al. ;

Cartwright et al. ). These methods usually require

monitoring of the concentrations of tracers (ions, isotopes,

conductivity, etc.) in surface runoff, stream water, and

groundwater, and tracers in different basins can perfectly

reflect the hydrogeological conditions. The separation results

based on mass balance methods can reasonably accurately

present the actual situation. However, a large amount of test-

ing is required for the baseflow separation of large basins

along with long-time-period records (Zhang et al. ).

In this context, Stewart et al. () first showed that

conductivity can be used as a tracer for baseflow separation

via field tests. The authors then applied the conductivity

mass balance (CMB) baseflow separation method to 10

basins in the United States. Lott & Stewart (), substitut-

ing the power function relationship between conductivity

and streamflow into the CMB equation, derived the CMB

power function (CMBPF) baseflow separation method.

Lott & Stewart () subsequently applied the CMB and

CMBPF methods to 35 basins in the United States and

corrected five conventional baseflow separation methods.

Conductivity, as a relatively easy-to-obtain tracer, has

been favored by many hydrologists (Miller et al. ).

However, many hydrological stations in the United States

and other countries do not have historical records of

conductivity, and thus, the application of the CMB and

CMBPF methods has been limited. Thus, the search for a

more common and low-cost tracer to substitute for conduc-

tivity has attracted considerable research interest.

Meanwhile, gage heights are recorded in almost all

hydrological stations and can, therefore, be a more
://iwa.silverchair.com/ws/article-pdf/19/7/1978/661532/ws019071978.pdf
common tracer for baseflow separation. Against this

backdrop, the main purpose of this study is to analyze the

relationship between gage height and streamflow and to

derive a mass balance method using gage height as a

tracer (GHMB) and a power function method based on

the gage height (GHPF).

In the study, the GHMB and GHPF methods were

corrected by comparing the results of the CMB, CMBPF,

GHMB, and GHPF methods in 20 basins in the United

States. The corrected GHMB and GHPF methods were

applied to seven other basins, and the effectiveness of the

two methods was verified by comparison with conventional

methods and the CMB method.
METHODS

CMB and CMBPF methods

CMB method

The CMB method has been derived from the two-

component mass balance equation using conductivity as a

tracer (Stewart et al. ):

QBF ¼ Q(QC � ROC)
BFC � ROC

(1)

whereQ denotes the discharge (ft3/s),QBF the baseflow (ft3/s),

QC the specific conductance, BFC the baseflow conductivity,

and ROC the surface runoff conductivity.
CMBPF method

The CMBPF method is derived by substituting the power

function equation QC¼ a0Qb0 between discharge and con-

ductivity into the CMB equation (Equation (1)) (Lott &

Stewart ). Here, a0 denotes the y-intercept of the best-

fit straight line of the conductivity vs discharge plot in the

double logarithmic coordinate system, and b0 denotes the

slope:

QBF ¼ aQb þ cQ (2)



1980 W. Yang et al. | Baseflow separation methods based on gage height Water Supply | 19.7 | 2019

Downloaded fr
by guest
on 17 April 202
where a, b, and c are constants defined, respectively, as

a ¼ a0

BFC � ROC
(3)

b ¼ 1 þ b0 (4)

c ¼ � ROC

BFC � ROC
(5)

Gage height as tracer

It is well known that there is a positive correlation between

the gage height and discharge. As the discharge increases,

the gage height also increases, and the synchronization

between these two quantities is well studied (Appendix,

Figure S1(a), available with the online version of this

paper). The scatter points of the gage height vs discharge

approximate a straight line in the double logarithmic coordi-

nate system, which satisfies the power function of H¼ aQb

(also known as the rating curve). There is a positive corre-

lation between gage height and discharge, and the slope of

the gage height vs discharge curve is positive (Appendix,

Figure S2(a), available online).

Simultaneously, conductivity is significantly reduced with

increase in discharge, and the minimum conductivity values

are very close for various flood peaks (Appendix, Figure

S1(b)). In this regard, Lott & Stewart () pointed out that

the scatter points of conductivity vs discharge approximate a

straight line in the double logarithmic coordinate system,

which satisfies the power function of QC¼ aQb. Due to the

negative correlation between conductivity and discharge, the

slope of the line is negative (Appendix, Figure S2(b)).

The relationship between gage height and discharge is

very similar to the relationship between conductivity and dis-

charge. The measurement of gage height is easy to achieve,

and many gages store the daily average data of gage height.

Therefore, it is possible to utilize the gage height as a tracer

for baseflow separation by appropriate conversion.

GHMB and GHPF methods

GHMB method

The gage height mass balance (GHMB) method has

been derived using the gage height as a tracer via the
om http://iwa.silverchair.com/ws/article-pdf/19/7/1978/661532/ws019071978.pdf
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two-component mass balance equation based on the

assumption that the maximum gage height (HMAX) can

reflect the flooding feature and that the minimum gage

height (HMIN) can reflect the baseflow characteristics. The

GHMB equation can be derived by replacing parameters

ROC, BFC, and QC in Equation (1) with HMAX, HMIN, and

H, respectively:

QBF ¼ Q
HMAX � H

HMAX � HMIN
(6)

In order to facilitate the calibration of the gage height

mass balance method, a correction factor k was added to

Equation (6):

QBF ¼ kQ
HMAX � H

HMAX � HMIN
(7)

whereQ denotes the discharge (ft3/s),QBF the baseflow (ft3/s),

HMAX the maximum gage height (m), HMIN the minimum

gage height (m), H the gage height (m), and k the correction

factor. Before calibration, k was set as 1. An accurate

calibration factor was determined by the correlation

between the results of CMB and GHMB.
GHPF method

The GHMB method requires continuous gage-height obser-

vations. In order to utilize limited gage height for long-

period baseflow separation, the gage-height-based power

function (GHPF) method has been derived by substituting

the power function (H¼ α0Qβ0) into the GHMB equation.

Upon rewriting Equation (6):

QBF ¼ Q
HMAX

HMAX � HMIN
� Q

H
HMAX � HMIN

(8)

The gage height is related to discharge as

H ¼ α0Qβ0 (9)

where α0 and β0 denote the y-intercept and slope, respectively,

of the best-fit straight line of the gage height vs discharge
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scatter points in the log–log coordinate system. Substituting

Equation (9) into Equation (8),

QBF ¼ Q
HMAX

HMAX � HMIN
� Q

α0Qβ0

HMAX � HMIN
(10)

Further,

QBF ¼ � α0

HMAX � HMIN
Qβ0þ1 þ HMAX

HMAX � HMIN
Q (11)

Simplifying,

QBF ¼ αQβ þ γQ (12)

In order to facilitate the calibration of the gage-height-

based power function method, a correction factor k was

added to Equation (12). Before calibration, k was set as

1. Thus,

QBF ¼ k(αQβ þ γQ) (13)

where α, β, and γ are constants defined, respectively, as:

α ¼ � α0

HMAX � HMIN
(14)

β ¼ β0 þ 1 (15)

γ ¼ HMAX

HMAX � HMIN
(16)

Data

This study uses data from 27 stream gages distributed across

the USA. Basins that represent a large range of basin areas

and physiographic and climatic regions were selected for

the study. All the streams considered in this study are peren-

nial streams, with basin areas ranging from 10 km2 to

16,757 km2. Each gage has at least 2 years of continuous dis-

charge, specific conductance, and gage height over the same

period. All discharge, gage height, and specific conductance

data are daily average values retrieved from the United

States Geological Survey’s (USGS) National Water Infor-

mation System (NWIS) website (http://waterdata.usgs.gov/

nwis).
://iwa.silverchair.com/ws/article-pdf/19/7/1978/661532/ws019071978.pdf
RESULTS AND DISCUSSION

Calibration of GHMB and GHPF methods

The average baseflow of the 20 basins separated by GHMB

and GHPF methods is generally larger than that separated

by the CMB and CMBPF methods. The average correlation

coefficients of the four methods are greater than 0.75

(Appendix, Table S1, available with the online version of

this paper). The correlation coefficients between daily base-

flow for each gage as calculated by the GHMB and CMB

methods range from 0.53 to 0.97 with an average of 0.78.

The correlation coefficients between GHPF and CMBPF

range from 0.34 to 1 with an average of 0.89. The correlation

coefficients between GHPF and GHMB range from 0.73 to

0.99 with an average of 0.88. Further, the correlation coeffi-

cients between CMBPF and CMB are 0.37 to 0.99 with an

average of 0.75. There are no obvious regularity changes

between the correlation coefficients in different drainage

areas. The high correlation and the closeness of the ratios

indicate that it is reasonable to calibrate the GHMB and

GHPF methods using a single constant k.

In the Cartesian coordinate system, the slope of the least-

squares fit line for the average baseflow as calculated by GHPF

and CMB is 0.55, with R2¼ 0.85 (Figure 1(a)). The slope of the

least-squares fit line for the average baseflow as calculated by

GHMB and CMB is 0.58, with R2¼ 0.87 (Figure 1(b)). There-

fore, the values of the correction factor k for the GHPF and

GHMB methods are 0.55 and 0.58, respectively.

The daily average baseflow values of the 20 basins were

re-separated with the use of the calibrated GHMB and

GHPF methods (k¼ 0.58 and 0.55). The average deviation

of the baseflow from those of the calibrated GHMB and

CMB methods was reduced to 17%. Further, the average

deviation between the calibrated GHPF and CMB methods

was reduced to 28%.

Application of corrected GHMB and GHPF methods to

seven other basins

Comparison with conventional methods

The corrected GHMB, GHPF, CMB, and CMBPF methods

were applied to seven other basins. The BFIs calculated in

this study were compared with those calculated by Lott &

http://waterdata.usgs.gov/nwis
http://waterdata.usgs.gov/nwis
http://waterdata.usgs.gov/nwis


Figure 1 | Plots of (a) CMB-derived and GHPF-derived, (b) CMB-derived and GHMB-derived baseflows. The dotted line indicates the least-squares fit of the scatter point. Here,

1 ft3/s¼ 0.028 m3/s.
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Stewart () with the use of different methods for the same

basins (Table 1). The average BFI values calculated as per the

corrected GHMB and GHPF methods were 0.33 and 0.37,

respectively, and the average BFI obtained as per Lott &

Stewart () with the use of different methods ranged

between 0.30 and 0.37. The GHMB and GHPF results exhibit

good agreement with those of conventional methods.

Comparison with CMB method

Considering the CMB method as the standard, this study

statistically analyzed the daily average baseflow calculated

via the GHMB and GHMB methods after correction

(Tables 2 and 3). The parameters of correlation coefficient

(R), root-mean-square error (RMSE), scatter index (SI),
Table 1 | BFI for seven other basins in the United States as calculated from corrected GH

1 mi2 ¼ 2.59 km2

State Gage number Period of record Area (mi2)

BFI as per th

GHMB G

FL 2300500 1973/11–1977/9 149 0.20 0

FL 2297100 2001/12–2010/4 132 0.27 0

GA 2336300 2010/11–2014/9 86.8 0.36 0

SC 2160105 2010/11–2014/9 759 0.38 0

SC 2160700 2010/11–2014/9 444 0.38 0

MO 6894000 2010/11–2014/9 184 0.26 0

KS 7144780 2015/12–2017/11 713 0.47 0

Mean 0.33 0

Standard error of the mean 0.01 0
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BIAS, and Nash–Sutcliffe efficiency coefficient (NSE)

were used (detailed definitions and formulae can be found

in Lee et al. (), Najafzadeh & Zahiri (), Zahiri &

Najafzadeh (), and Najafzadeh & Zeinolabedini ()).

The correlation coefficient (R) between the GHMB and

CMBmethods ranges between 0.51 and 0.86, while the NSE

ranges between 0.11 and 0.73 (Table 2). The R value

between the GHPF and CMB methods lies between 0.62

and 0.84, and the NSE is between �1.61 and 0.63

(Table 3). The daily average baseflow as calculated by the

GHMB and GHPF methods can be suitably fitted with

the CMB method, but the GHMB method is closer to the

CMB method than the GHPF method.

Figure 2 shows the cumulative baseflow obtained from

the GHMB, GHPF, CMB, and CMBPF methods. The
MB and GHPF methods and CMB, CMBPF, HYSEP (sliding), WHAT, and BFI2 methods;

is study BFI of Lott & Stewart (2016)

HPF CMB CMBPF CMB HYSEP (sliding) WHAT BFI2

.23 0.14 0.13 0.15 0.18 0.15 0.21

.31 0.24 0.25 0.21 0.51 0.22 0.23

.42 0.37 0.36 0.37 0.39 0.38 0.33

.42 0.33 0.33 0.35 0.38 0.35 0.51

.40 0.28 0.28 0.29 0.38 0.30 0.34

.27 0.21 0.22 0.14 0.14 0.14 0.15

.51 0.55 0.54 0.62 0.60 0.61 0.62

.37 0.30 0.30 0.30 0.37 0.31 0.34

.01 0.02 0.02 0.03 0.03 0.03 0.03



Table 2 | Statistical analysis of daily baseflow obtained from GHMB and CMB methods

Gage number R RMSE SI BIAS NSE

2300500 0.51 5.50 0.73 �0.31 0.30

2297100 0.86 16.32 0.64 �1.27 0.62

2336300 0.68 18.04 0.94 �1.57 0.43

2160105 0.78 69.41 0.41 �24.17 0.11

2160700 0.78 46.01 0.38 �13.58 0.17

6894000 0.86 19.13 0.79 0.43 0.73

7144780 0.79 29.47 0.51 �0.05 0.63

Table 3 | Statistical analysis of daily baseflow obtained from GHPF and CMB methods

USGS gages R RMSE SI BIAS NSE

2300500 0.62 5.49 0.73 �0.18 0.30

2297100 0.84 16.17 0.64 �1.33 0.63

2336300 0.79 18.73 0.98 0.06 0.39

2160105 0.82 103.08 0.60 �13.28 �0.87

2160700 0.81 81.42 0.67 �0.23 �1.61

6894000 0.79 30.33 1.26 1.97 0.31

7144780 0.77 32.19 0.55 �10.38 0.56

Figure 2 | Cumulative plots of CMB-derived, CMBPF-derived, GHMB-derived, and GHPF-derive

02297100, (c) USGS gage number 02160105, (d) USGS gage number 07144780; dat
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cumulative errors of the separation results of the four

methods in different basins are small. The same trend and

smaller deviation indicate the effectiveness of gage height

as a tracer.
Separation results of single flood events

When the flood peak is smaller, the baseflow fluctuates

positively with the streamflow, and the baseflows calculated

as per the GHMB, GHPF, and CMB methods exhibit the

same fluctuation trend. In the early stage of recession, the

baseflow as calculated by the GHMB and GHPF methods

is slightly larger than that calculated by the CMB method

(Figure 3(a)).

When the flood peak is larger, the baseflow as calcu-

lated by the GHMB and CMB methods is obviously

suppressed and that of the GHMB method is more obvious,

while the GHMB method affords no obvious suppression

(Figure 3(b)). When the flood peak is larger, the gage

height of the river is higher than the groundwater level,

the river water leaks into the groundwater aquifer, and

thus, the baseflow is suppressed (Lott & Stewart ).
d baseflows after calibration: (a) USGS gage number 06894000, (b) USGS gage number

a are daily averages; 1 ft3/s¼ 0.028 m3/s and 1 mi2¼ 2.59 km2.



Figure 3 | Baseflows of single flood events in basin with USGS site number 02297100: (a) smaller peak and (b) larger peak; 1 ft3/s¼ 0.028 m3/s.
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The separation results of the GHMB, GHPG, and CMB

methods are highly consistent in the low-flow stage, and

therefore, the deviation of baseflow between the gage

height and conductivity as tracers mainly occurs in flood

events, particularly when the flood peak is large.
CONCLUSIONS

Upon using the gage height as tracer, this study derived

the GHMB (Equation (7)) and GHPF (Equation (13))

methods by means of the two-component mass balance

equation. The GHMB and GHPF methods were corrected

by comparing the results of the CMB, CMPF, GHMB, and

GHPF methods for 20 basins in the United States. The

application of the corrected GHMB and GHPF methods

to seven other basins enabled the following conclusions to

be drawn:

(1) The BFI values calculated as per the GHMB and GHPF

methods ranged as 0.20–0.47 and 0.23–0.51, respectively,

which were in good agreement with the corresponding

ranges of the conventional methods.

(2) The statistical analysis results showed that the GHMB

and GHPF methods can be well fitted with the CMB

method (the mean R values were 0.75 and 0.78, and

the NSE means were 0.43 and �0.04, for GHMB and

GHPF, respectively).

(3) The results of baseflow separation during flood events

indicate that the baseflow is significantly suppressed
om http://iwa.silverchair.com/ws/article-pdf/19/7/1978/661532/ws019071978.pdf

4

when the flood peak is larger, and the deviation between

the GHMB, GHPF, and CMB methods mainly occurs in

the case of flood events with a large flood peak.
In this study, the GHMB and GHPF methods were cor-

rected using a single constant k, which may not be

applicable for individual basins. For example, for basins

with USGS gage numbers 2160105 and 2160700, the NSE

values were relatively small (the GHMB method afforded

values of 0.11 and 0.17, while the GHPF method afforded

values of �0.87 and �1.61, respectively).

Future studies will need to focus on correcting the

GHMB and GHPF methods with the use of varying coeffi-

cients, and special attention needs to be paid to the

correction of deviations in flood events. In conclusion, the

findings of this study can suitably contribute to develop-

ments in hydrology.
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