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Abstract: Baseflow is an important component of river or streamflow. It plays a vital role in
water utilization and management. An improved Eckhardt recursive digital filter (IERDF) is
proposed in this study. The key filter parameter and maximum baseflow index (BFl.,) were
estimated using the minimum smoothing method to improve baseflow estimation accuracy.
The generally considered BFl,,, of 0.80, 0.50 and 0.25 according to the drainage basin’s
predominant geological characteristics often leads to significant errors in the regions that
have complex subsurface and hydrologic conditions. The IERDF improved baseflow estima-
tion accuracy by avoiding arbitrary parameter values. The proposed method was applied for
baseflow separation in the upstream of Yitong River, a tributary of the Second Songhua River,
and its performance was evaluated by comparing the results obtained using isotope-tracer
data. The performance of IERDF was also compared with nine baseflow separation tech-
niques belonging to filter, BFI and HYSEP methods. The IERDF was also applied for baseflow
separation and calculation of rainfall infiltration recharge coefficient at different locations
along the Second Songhua River’'s mainstream for the period 2000-2016. The results
showed that the minimum smoothing method significantly improved BFl,,., estimation accu-
racy. The baseflow process line obtained using IEDRF method was consistent with that ob-
tained using isotope '°0. The IERDF estimated baseflow also showed stability and reliability
when applied in the mainstream of the Second Songhua River. The BFI alone in the river
showed an increase from the upstream to the downstream. The proportion of baseflow to total
flow showed a decrease with time. The intra-annual variability of BFI was different at different
locations of the river due to varying climatic conditions and subsurface characteristics. The
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highest BFI was observed at the middle reaches of the river in summer due to a water surplus
from power generation. The research provided valuable information on baseflow characteris-
tics and runoff mode determination, which can be used for water resources assessment and
optimization of economic activity distribution in the region.

Keywords: Improved Eckhardt recursive digital filtering; baseflow separation; rainfall infiltration coefficient; the
Second Songhua River Basin

1 Introduction

The river flow consists of two major components, direct flow of rainwater through the land
surface and indirect flow through the subsurface (Zhang, 2019; Hu, 2019; Stewart, 2015).
The subsurface flow, also known as baseflow, is vital for runoff forecasting, water resources
evaluation, and water resources management (Rumsey, 2015). Precipitation is the source of
baseflow, but it is also affected by many other factors, including soil properties, underlying
geological structure and impermeable layer, and groundwater abstraction. The precipitation
goes through a series of complex hydrologic processes, including infiltration through the
land surface, percolation to either above or below an impermeable layer and movement
through a three-dimensional subsurface structure to finally discharge as baseflow (Price,
2011).

Estimating baseflow is essential for evaluating groundwater’s annual contribution to riv-
ers and assessing regional water resources availability (Watson, 2019). It is also necessary
for the estimation of ecological water demand of river basin. Therefore, baseflow separation
is an important part of water resources management, water conservancy construction, flood
control and drought resistance and water pollution risk assessment (Chen, 2006).

A large number of methods have been proposed for the separation of baseflow from river
flow. Isotope-tracer technique based on mass conservation is the most reliable method of
baseflow estimation. It uses only the experimental data for baseflow estimation, and thus,
free of subjectivity. However, it is a highly laborious and expensive method and difficult to
apply to the longer hydrological record. Several automated methods have been proposed to
overcome the isotope-tracer method’s difficulties (Koskelo et al., 2012; Klaus et al., 2013).
Among them, the graphical method (Xie, 2020) and the analytical method (Zhang, 2013) are
the most classical and widely used approaches. The graphical method’s major disadvantage
is the subjectivity, where operators must be familiar with the river basin’s hydrologic fea-
tures for accurate baseflow estimation. The analytical method’s major drawback is its de-
pendency on multiple parameters, which is always prone to considerable error (Furey, 2001).
In this regard, several signal analysis approaches have been proposed and successfully em-
ployed for baseflow separation. The signal analysis methods are broadly classified as filters
and recursive digital filters (RDF). The river flow data is considered a digital signal, and it is
analyzed using sophisticated digital signal processing algorithms in RDF. This often pro-
vides the RDF methods with an edge over the analytical filtering methods. A large number
of digital filters have been used for the development of RDF. The Eckhardt recursive digital
filter (ERDF) is one of the most efficient methods that uses only two parameters for
baseflow separation: recession constant and maximum value of baseflow index (BFl.x) or
the ratio of baseflow to total streamflow.

Many studies have been conducted using ERDF for baseflow separation. Dong ef al.(2012)
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used ERDF and the minimum smoothing method for separation of baseflow in the Shulehe
River Basin of Qilian Mountain and compared their performance by analyzing baseflow
changes and related factors. They reported the reliability of ERDF in baseflow separation. Li
(2013) used ERDF for baseflow separation in Nenjiang River Basin and showed better per-
formance of ERDF with suitable filter parameters. Gao (2018) adopted ERDF to divide the
baseflow at three locations of the Meijiang River Basin of Guangdong province and ana-
lyzed its spatial distribution characteristics. They reported the uncertainty of filter parame-
ters on output accuracy. Ahiablame ef al. (2013) applied ERDF to predict BFI in a catchment
in Indiana, the United States of America (USA) and showed its accuracy in BFI estimation.
The studies also revealed that ERDF can solve the redundancy and inefficiency of manual
separation of baseflow and provide good accuracy in baseflow estimation. Therefore, ERDF
has been most widely used for baseflow separation (Liu, 2017).

A major drawback of ERDF is that it always considers a rapid change in river flow as
surface runoff. However, different activities like extensive extraction of water can also cause
such changes. Therefore, several attempts have been made to improve the performance of
ERDF. For example, precipitation was incorporated in river flow analysis using ERDF for
better estimation of baseflow. Wittenberg (1999) proposed a nonlinear storage process to
segment the underground runoff to better represent baseflow. However, the major challenge
in reliable separation of baseflow using ERDF is determining an appropriate value of BFI ..
Eckhardt et al. (2005) provided the empirical values of BFI,,,,x, based on the results obtained
at 65 basins in the USA. These empirical values of BFI,x have been widely used for
baseflow separation in different regions of the globe. However, the estimated BF1,,,x values
in USA condition are not reliable for accurate baseflow estimation in all regions. It is re-
quired to determine BFI,,,, based on local hydrogeological conditions. According to subsur-
face and hydrologic conditions of the river basin, simply setting BFI,,.x value as 0.80, 0.50
or 0.25 inevitably leads to significant errors. Estimation of BFI.x is a critical step for the
application of Eckhardt method. Researchers used different methods to estimate BFI,,,x val-
ues according to the actual setup of the research area. Zhang (2017) showed that it is imper-
ative to obtain appropriate parameters when applying the digital filtering method to
baseflow separation. He used the UKIH methods to estimate (BFI.x). The results showed
that the UKIH estimated maximum baseflow index can avoid empirical judgements of BFI-
max» and can probably reduce error in baseflow estimates. Collischonn (2013) proposed a
method to estimate BFI,,, using a backwards filtering operation. In cases where different
aquifers exist within the same drainage basin, the BFl,,,x parameter obtained by applying the
backwards running filter can generate intermediate values in the range from 0.25 to 0.80. By
visually comparing baseflow hydrographs obtained using pre-defined BFI,,,x values (0.80,
0.50 and 0.25) with BFI,,,x values obtained using the backwards filtering operation, the latter
seems to be better.

For the critical parameter of ERDF, BFI,,. is routinely estimated by a priori defined val-
ues according to the drainage basin’s predominant geological characteristics. However, for
regions with complex subsurface and hydrologic conditions, the simple selection of 0.80,
0.50 and 0.25 is often inconsistent with the river basin’s actual situation, which inevitably
leads to significant errors. Therefore, the BFl,,,x was modified in this study to improve the
capability of ERDF in baseflow separation (Shao, 2020). The Improved ERDF (IERDF) was
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estimated using a minimum smoothing method. The performance of the improved method
was evaluated by comparing its results with that obtained using isotope hydrochemical
method. The performance of IERDF was also compared with nine baseflow separation
methods belonging to three categories. The improved ERDF (IERDF) method was applied in
baseflow separation in the Second Songhua River Basin to analyze the Second Songhua
River’s baseflow characteristics from upstream to downstream. Finally, the recharge coeffi-
cient of regional rainfall infiltration was calculated based on the segmented baseflow. It is
expected that the findings of the study would provide important information for the charac-
terization of Second Songhua River flow, the determination of the mode of runoff formation,
redistribution of water resources, and optimization of the spatial distribution of economic
activity in the basin.

2 Overview of the study area

The Second Songhua River, originating from the Tianchi Lake of the Changbai Mountains,
is 958 km long. It has a drainage area of approximately 78,180 km’, lying between
41°44'N-45°24'N and 124°36'E—128°50'E. The Second Songhua River Basin accounts for
14.33% of the total drainage area of the Songhua River. The basin’s elevation is low in the
northwest and high in the southeast (Figure 1). Therefore, the river flows from the southeast
to the northwest. The Changbai mountainous area is the source region of the river. Its transi-
tional section from the hills to the Songnen Plain extends from Fengman Hydropower Sta-
tion to the Mushi River’s middle reaches. The elevation of both sides of the hills is 300-500
m. The width of the river valley is 500 m on average, and the ratio is 0.14%—-0.45%.
Branches and shoals appear in the river
from time to time. The vast stretches of
the river valleys are extensively used
for agricultural activities (Wang,
2018).

The basin has a continental monsoon
climate, consisting of four seasons. The
temperature in the basin gradually de-
creases from northwest to southeast,
with an annual mean temperature of
2.9-4.2°C. Several water conservancy
projects were built on the mainstream
and tributaries of the Second Songhua
River. Among which the Baishan and
Fengman hydropower stations play a
significant role in regulating runoffs.

A Hydrological station g
— Water system

3 Second Songhua River Basin
Elevation (m)

2735 The basin area controlled by Fengman
=12 Reservoir is 42,500 km’, accounting
Figure 1 The location of the Second Songhua River Basin. for ~55% of the Second Songhua River
The river system and the location of rainfall and river flow Basin. The Baishan Hydropower Sta-

observation stations are also given. tion, located at Huadian city, is about

0 50 km
[
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200 km away from the Fengman Hydropower Station. It has a controlled basin area of
19,000 km?, accounting for 44.7% of the total basin area above the Fengman Station.

The Yitong River is a secondary tributary of the Second Songhua River (Figure 1). The
Yitong River Basin’s terrain is relatively flat, with a mild slope declining from the southeast
to the northwest. The southeast of the basin is a gentle hill with an elevation between 300
and 400 m. The hills are distributed in strips between the mountains and the plain. The val-
ley plain with an elevation below 200 m is distributed on both sides of the Yitong River and
its tributaries. The Yitong River Basin is located at the eastern margin of the mid-latitude
Eurasian continent and belongs to the north temperate continental monsoon climate zone.
The annual mean precipitation, temperature, evaporation, sunshine duration and wind speed
are 591.5 mm, 5.29°C, 1655.9 mm, 2633.2 h, and 4.06 m/s, respectively.

3 Research methods and data sources
3.1 Research methods

3.1.1 Improved Eckhardt recursive digital filtering method (IERDF)

ERDF method was proposed by Eckhardt (2008). A recursive digital filter can be presented
as follows (Novita, 2016):
_1=BFI,, *a*q, +(1=a)* BFI ., * O,
- l—a*BFI,,,
where a is the filter parameter; BFI,,x is the maximum runoff index or the ration of subsur-
face flow to river runoff, and ¢ is base flow (m3/s). According to subsurface and hydrologic
conditions of the river basin, the value of BFI . is generally considered between 0.25 and
0.80 (Kissel, 2020).

In this study, a minimum smoothing method was used to segment the river runoff, and
then the subsurface runoff index, BFI, was calculated for each hydrological year. Finally, the

(1)

q;

largest BFI was considered as BFI,x (Figure 2). Details are presented in the following sub-
sections.

3.1.2 Baseflow index (BFI) method

The British Hydrological Institute (Wels, 1991) proposed the smoothing minimum method
for baseflow separation. The method’s basic principle is to divide N days into 365/N frac-
tions and determine each period’s minimum flow value. If the product of the minimum flow
rate value and the inflexion point test factor in a certain period is less than the minimum
flow rate value in the adjacent left and right periods, then the inflexion point is confirmed
(Figure 3). The process is repeated to identify all the inflexion points meeting the daily flow
rate sequence conditions. The baseflow process line is obtained by connecting all the in-
flexion line, and the area under the process line is considered the baseflow volume (Liu,
2019). The BFI method can be broadly classified into two, BFI (F) and BFI (K). The test
factors, F and K of the inflexion point, generally take the empirical value of 0.9 and 0.97915,
respectively. The N value determination is the key in the runoff separation using the
smoothing minimum method. Usually, a trial-and-error method is used for this purpose.
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Improved Eckhardt recursive digital filtering method (IERDF)

O]

The determination of the N value is the
key. A trial-and-error method is used for
the determination of the value of N.

When N is equal to 1~10, the subsurface
runoff index (BFI) is calculated
successively. BFI gradually decreases and
tends to be flat with an increase of N. At
the desired value of N, a sharp decrease of
BFI occurs, the proportion of direct runoff
in the segmented subsurface runoff
decreases to zero, and the part that is
subdivided into a direct runoff but
originally belongs to subsurface runoff
becomes negligible. At this time, N value
is obtained.

The details are shown in Fig. 3

®

Enter the selected BFI,,, into the formula:
(1-BFlLy)*a*qert(1-0)*BF Luu* O
- 1-a*BFIy

)

The subsurface runoff index (BFI) for
each hydrological year is calculated, and
the largest BFI, namely BF1I,, is finally
selected

The minimum smoothing method  The principle in 3.1.2

The details are shown in Table 1

The improved idea is by using minimum
smoothing method to calculate BFI,, in
hydrological years, then input formula (1)

Figure 2 The specific description of an improved Eckhardt recursive digital filter

3.1.3
method

The HYSEP method, proposed by Petty
(1979), is later simplified and refined by the
US Geological Survey as HYSEP (Fixed),
HYSEP (Slide), and HYSEP (Localmin).
The empirical formula generally used to
calculate the duration of direct runoff,

N=(2594)"

Hydrograph Separation (HYSEP)

)
where 4 is the river basin area (km®), and N
is the duration (days) of direct runoff. The
time interval is usually 3 to 11 days. An odd

QA
N | River runoff
l day —— Underground runoff
0 Time

Figure 3 The procedure used for the estimation of
baseflow volume process line

number closest to 2N is chosen as the time interval for baseflow calculation.

3.1.4 Lyne-Hollick filter method (F1)

The Lyne-Hollick filter method, proposed by Lyne (1979), was improved by Nathan and
McMabhon in 1990. The Lyne-Hollick filter can be presented as:

R, =f1*Rt—1+(1+f1)*f2*[Qt_Qz—l]
49, =0,—R,

3)
4

where f and f, are filter parameters (usually considered 0.5), Q is river runoff (m?/s), R is
direct runoff (m?/s); q represents baseflow (m?/s), and ¢ is time.
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3.1.5 Chapman digital filtering method (F2)
The Chapman digital filtering method, proposed by Chapman (1991), can be presented as:

3>kfl_1*Rt—l+ 2 *[Qt_Qt—l] (%)
9, =0,—R, 6)

R =
3-h 3-h
3.1.6 Chapman-Maxwell filtering method (F3)

The Chapman-Maxwell filtering method (Chapman, 1996) is presented in Equation (7):

fl * 1_fl*
2/ %—1+2_f1 o, (7)

3.1.7 Boughton-Chapman filtering method (F4)

q; =

The Boughton-Chapman filtering method (Chapman, 1999) is presented in Equation (8):

q;= /i G+ /2 *0, (3

_1+f2 1+ £,

3.2 Research data

The data used in this study include: (1) the daily runoff data in the upstream of the Second
Songhua River tributary and the Yitong River during June—September 2016; (2) the moni-
toring data of hydrogen and oxygen-18 (‘*0) of precipitation and river and groundwater for
the period June—September 2016; (3) the measured daily runoff data at Fuyu, Songhua,
Fengman hydrological stations and Baishan hydrometric station of the Second Songhua
River mainstream for the period 2000-2016; and (4) annual precipitation data for the period
2000-2009.

4 Contents
4.1 Parameter determination

According to Eckhardt, a suitable value of BFI,,,, is different for different hydrogeologic
conditions, such as (1) BFIy.x = 0.80 for the area that belongs to perennial river and domi-
nated by porous aquifer, (2) BFIx = 0.50 for the area surrounding by seasonal rivers and
dominated by porous aquifer, (3) BFIpn.x = 0.25 for the area belongs to a seasonal river but
dominated by a semi-porous aquifer. The value of a has little influence on baseflow separa-
tion. It is usually considered between 0.95 and 0.98. However, a significant error in baseflow
may happen when only BF1 .« values of 0.80, 0.50, and 0.25 are used. Therefore, the mini-
mum smoothing method was used in this study to estimate BF/ .

Determination of appropriate value for N is the key for separation of baseflow using
minimum smoothing method. A trial-and-error method was used for this purpose. The accu-
racy of the method is confirmed by evaluating the N value based on the daily runoff data
during the flood season (June—September) in the Yitong River and calculating the BFI (f =
0.9) for N values of 1 to 10. Obtained results are presented in Figure 4.

The results revealed that BFI gradually decreases and tends to be flat with an increase of
N (Figure 4). At the desired value of N, a sharp decrease of BFI occurs. The proportion of
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0.60 2008 direct runoff in the segmented subsur-
0.55+. = 2009 face runoff decreases to zero. The part
0.50-.\\*\.\ - 2012 that is subdivided into a direct runoff
0.45 -\'\ R but originally belongs to subsurface
2040 e T R runoff becomes negligible. Figure 4
035{ T ~— /,X. __________ shows that when N=2, the BFI tends to
030{ o be flat and therefore, the baseflow sep-
025 - e . aration was performed for a period of
o200 — 7 2
12 3 4 SN/ d 6 7 8 9 10 When N = 2, the baseflow calculated

for the Yitong River Basin (Table 1)
was more reasonable. The BFI in 2015
was the largest, hence, resulting in
BFl,.,x = 0.76. This value of BFI,;,,x was used in ERDF equation for the improvement of its
performance.

Figure 4 Relationship between the number of days and
baseflow index

Table 1 Baseflow index estimated for different years in the Yitong River Basin

Years BFI Years BFI
2003 0.15 2010 0.09
2004 0.32 2011 0.72
2005 0.21 2012 0.47
2006 0.07 2013 0.22
2007 0.19 2014 0.61
2008 0.28 2015 0.76
2009 0.41 2016 0.31

Isotope is a reliable flow separation method with a clear physical basis. Therefore, it is
considered as the most precise method of baseflow separation. The performance of IERDF
method in baseflow separation was evaluated using the isotope hydration method. The hy-
drogen and oxygen isotopes of precipitation, river water and groundwater during the moni-
toring period were collected, and the baseflow was calculated using the principle of conser-
vation of isotope and mass conservation. At the same time, the minimum smoothing method
was used to determine the value of N and BFI,,,x. The IERDF for N = 1 (BFI,;,.x = 0.86), N =
2 (BFIpex = 0.76) and N = 3 (BFI.x = 0.72) were compared with isotope '*O runoff separa-
tion results, as shown in Figure 5. The figure shows that baseflow separated by IERDF with
N = 2 matches well with that obtained using isotope'*O. The results indicated that the N
value selected using the trial-and-error method was reasonable.

4.2 The applicability of different baseflow separation methods

Baseflow at the Yitong River Basin’s upper reaches was separated for the period 2003-2016
using different methods and the BFI for each year and each method was calculated. The re-
sults obtained using different methods were compared to determine the stability and reliabil-
ity of the methods. Table 2 presents the annual BFT statistics estimated using various meth-
ods, including mean, extremum ratio, variance, and coefficient of variation (CV).
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Figure 5 Comparison of separation results using improved Eckhardt recursive digital filter for different N val-
ues and isotope '*O

Table 2  Statistics of baseflow index estimated using different methods

HYSEP  HYSEP HYSEP

Year (Fixed)  (Slide) (Local miny BFI() BFI()  FI F2 F3 F4  IERDF
2003 0.13 0.13 0.15 0.15 015 024 021 022 033 026
2004 0.28 0.28 0.29 0.32 032 039 033 034 049 041
2005 0.20 0.17 0.10 0.21 022 032 030 031 044 035
2006 0.01 0.01 0.10 0.07 007 020 0.8 020 032 023
2007 0.15 0.15 0.14 0.19 019 030 027 028 041 032
2008 0.27 0.26 0.29 0.28 030 038 034 036 048 040
2009 0.39 0.37 0.36 0.41 041 045 037 040 051 045
2010 0.07 0.08 0.07 0.09 009 021 019 021 033 023
2011 0.61 0.62 0.73 0.72 073  0.69 048 057 069  0.67
2012 0.48 0.46 0.45 0.47 055 057 046 047 062  0.57
2013 0.17 0.18 0.17 0.22 022 032 027 029 045 035
2014 0.55 0.54 0.56 0.61 061 064 046 050 066 061
2015 0.67 0.67 0.60 0.76 077  0.66 044 048 068  0.62
2016 0.24 0.23 0.20 0.31 031 034 029 031 043 036

Average 0.30 0.30 0.30 0.34 035 041 033 035 049 042

Maximum  0.67 0.67 0.73 0.76 077 069 048 057 069  0.67

Minimum 0.01 0.01 0.07 0.07 007 020 0.8 020 032 023

Extremum 67 67 10.28 11.08 1132 345 267 285 216 296

Variance 0.04 0.04 0.04 0.05 005 003 001 001 002 002
cv 0.69 0.70 0.70 0.65 065 041 031 033 026 035

The result of various separation methods showed considerable inconsistency. The base
flow separation index extremum ratio, variance and CV for five digital filtering methods
were smaller than that obtained using YSEP and BFI. This indicates a lower degree of dis-
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persion in the results of digital filtering methods, while BFI (F) and BFI (K) showed the
most significant deviation. Therefore, the baseflow segmented by digital filters is more sta-
ble. Besides, the baseflow process line showed that the separation process of BFI and
HYSEP did not show a decrease of baseflow in the flood season (July to September) (Fig-
ures 6 and 7). This also indicated higher reliability of baseflow separation by digital filters.
Figure 8 shows that the baseflow peak value obtained using digital filters lags behind the
river runoff’s peak value, and the baseflow volume does not exceed the river runoff volume.
Moreover, the subsurface runoff fluctuates slowly in the wet season, and the subsurface
runoff process line in the dry season is consistent with that of the river runoff.

Comparison of performance of digital filters showed the largest fluctuation in baseflow

120
—— River runoff

1 —— BFI(F)
100 | — BFI(K)

80+
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40
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Figure 6 The baseflow calculated using BFI methods in the upper reaches of Yitong River Basin in flood season
(July—September) of 2016
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Figure 7 The baseflow calculated using HY SEP methods in the upper reaches of Yitong River Basin in flood
season (July—September) of 2016
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for F4 while the baseflow segmented by F1, F2, and F3 were found to overlap each other.
The baseflow segmented by IERDF was found to fluctuate between F4 and F1-F3 (Figure 8).
The stability and adaptability of baseflow separation method were explored from the inter-
annual and annual changes. The results obtained in this study revealed good stability and
reliability in baseflow separation in Yitong River Basin by IERDF method.

140 -
| — River runoff — F1
—F2 —F3
1204 — F4 IERDF
100
@ 80
&
< 60
40 ~
20 1 /x A
0 ] o~ e A e AJ\ é’f’;:// A -
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6/1 6/22 7/13 8/3 8/24 9/14
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Figure 8 The baseflow calculated using digital filtering methods in the upper reaches of Yitong River Basin in
flood season (July—September) of 2016

4.3 Analysis of the baseflow characteristics of Second Songhua River

The IERDF was also used to analyze runoff at four hydrologic stations at the Second Song-
hua River mainstream from upstream to downstream for 2000-2016 (a¢=0.98). The results
are shown in Tables 3—6. The results revealed that the multi-year average BFI index was
0.54 at Baishan station in the upstream, 0.40 at Fengzhuang in between the upper and middle
stream, 0.81 at Songhuajiang in the middle stream, and 0.83 at Fuyu station in the down-
stream. The BFI values above Fuman station were found lower than that obtained at stations
in the middle and lower reaches (Songhuajiang and Fuyu) because of the basin’s elevation,
which decreases from the southeast to the northwest, with Changbai Mountains and
Songliao Plain in the east and west, respectively. High rainfall in Baishan Mountain forms
high surface runoff. The baseflow in Fengman and Baishan Mountainous areas are also af-
fected by power generation and water discharge from respective power plants. Besides,
Fengman is a major agricultural production area where water-intensive crops such as corn
and rice are cultivated, and flooded irrigation is practised in the transition area between hills
and Songnen Plain. Because of frequent groundwater exploitation and water reclamation
activities, the multi-year BFI in the downstream Fengman station was lower than that in the
high terrain of the Baishan area.

The baseflow process line at Baishan, Fengman, Songhuajiang and Fuyu stations for
2014-2016 is shown in Figure 9. A rational analysis was conducted for the separation of
baseflow at the locations. The flow line should meet several conditions: peak value of
baseflow lags peak value of river runoff, the baseflow amount cannot exceed the river runoff
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Table 3 Annual runoff separation results at Baishan station

Year River runoff (m*/s) Direct runoff (m%/s) Underground runoff (m*/s) BFI
2000 212.12 87.05 125.08 0.59
2001 221.24 85.70 135.54 0.61
2002 147.64 63.20 84.44 0.57
2003 142.57 59.84 82.73 0.58
2004 202.75 86.72 116.03 0.57
2005 296.11 137.73 158.38 0.53
2006 156.60 73.85 82.75 0.53
2007 190.82 101.37 89.45 0.47
2008 140.72 75.43 65.29 0.46
2009 155.20 79.26 75.94 0.49
2010 373.55 174.17 199.38 0.53
2011 177.43 84.45 92.98 0.52
2012 228.51 108.85 119.66 0.52
2013 358.62 172.61 186.01 0.52
2014 160.14 81.48 78.66 0.49
2015 147.36 61.89 85.47 0.58
2016 262.21 111.76 150.45 0.57

Table 4 Annual runoff separation results at Fengman station

Year River runoff (m*/s) Direct runoff (m’/s) Underground runoff (m?/s) BFI
2000 284.55 172.28 112.27 0.39
2001 398.51 208.49 190.02 0.48
2002 245.58 136.75 108.83 0.44
2003 213.15 118.43 94.72 0.44
2004 343.99 210.92 133.08 0.39
2005 549.18 349.21 199.98 0.36
2006 274.16 176.16 98.00 0.36
2007 281.44 168.43 113.01 0.40
2008 254.71 151.23 103.48 0.41
2009 265.89 154.38 111.51 0.42
2010 766.54 44731 319.23 0.42
2011 301.06 185.50 115.56 0.38
2012 363.10 194.37 168.73 0.46
2013 738.79 450.25 288.54 0.39
2014 275.52 200.50 75.02 0.27
2015 243.12 134.52 108.60 0.45

2016 409.15 249.05 160.10 0.39
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Table 5 Annual runoff separation results at Songhuajiang station

Year River runoff (m*/s) Direct runoff (m%/s) Underground runoff (m*/s) BFI
2000 357.85 64.27 293.58 0.82
2001 388.99 69.45 319.54 0.82
2002 332.28 53.96 278.32 0.84
2003 241.76 41.97 199.79 0.83
2004 373.34 64.65 308.69 0.83
2005 641.87 124.66 517.21 0.81
2006 419.45 78.95 340.50 0.81
2007 343.32 68.38 274.94 0.80
2008 329.22 64.11 265.11 0.81
2009 338.13 61.01 277.12 0.82
2010 745.48 142.37 603.11 0.81
2011 478.52 86.57 391.95 0.82
2012 325.96 65.96 260.00 0.80
2013 885.01 166.49 718.52 0.81
2014 441.38 89.71 351.67 0.80
2015 217.09 38.60 178.49 0.82
2016 542.17 111.12 431.05 0.80

Table 6 Annual runoff separation results at Fuyu station

Year River runoff (m*/s) Direct runoff (m’/s) Underground runoff (m?/s) BFI
2000 289.64 45.40 244.23 0.84
2001 359.52 57.27 302.25 0.84
2002 355.19 52.25 302.94 0.85
2003 258.60 39.81 218.79 0.85
2004 369.24 55.71 313.53 0.85
2005 674.09 113.41 560.68 0.83
2006 455.33 74.04 381.29 0.84
2007 362.28 60.68 301.60 0.83
2008 398.15 71.29 326.86 0.82
2009 379.31 59.86 319.45 0.84
2010 890.99 147.28 743.71 0.83
2011 489.15 83.64 405.51 0.83
2012 316.98 63.14 253.85 0.80
2013 950.16 170.08 780.08 0.82
2014 456.20 97.57 358.63 0.79
2015 200.56 40.73 159.83 0.80
2016 541.10 101.06 440.04 0.81

amount, baseflow fluctuation during the wet season is less, and the pattern of baseflow and
river runoff should be the same. Figure 9 reveals that the baseflow estimated using IERDF
was consistent with the above-mentioned conditions and could be considered acceptable.
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The inter-annual changes of BFI estimated using IERDF method at the main hydrologic
stations of the Second Songhua River mainstream are shown in Figure 10. The results
showed a downward trend in BFI since 2000, indicating that the proportion of baseflow to
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Figure 9 Baseflow process line at (a) Baishan; (b) Fengman; (c) Songhuajiang; (d) Fuyu along the Second
Songhua River mainstream
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Figure 10 Inter-annual variations in the baseflow index at different locations along the Second Songhua River
mainstream

the total runoff in the basin was declining with time. The extremum maximum was the
highest at Fengman (1.75), followed by Baishan (1.32), Fuyu (1.08), and Songhuajiang (1.05)
stations. The construction of water conservancy projects above Fengman has changed the
area’s underlying surface condition and affected the water balance in the basin, thus chang-
ing the travel time of baseflow. The results indicated that the construction of water conserv-
ancy projects in the basin caused a certain degree of impact on river flow attenuation.
Precipitation is the main factor affecting the baseflow. The increase in precipitation in-
creases baseflow and BFI to a certain extent. Global warming leads to more snowmelt and
soil degradation, which indirectly influences the baseflow. The Second Songhua River
mainstream is recharged by snowmelting water and precipitation. The BFI also varies from
upstream to downstream along the mainstream because of different climatic conditions and
surface hydrological characteristics in different locations. Winter (November to March)
temperatures and precipitations at Fuyu and Songhuajiang are lower than that at Fengman
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(Figures 11 and 12). The water supply of rivers during summer mainly depends on the re-
lease of groundwater stored in soil and the near-surface. Temperature increases with spring
arrival (March to May) when glacial snow begins to melt, infiltrates and recharges ground-
water, eventually discharging as baseflow. Spring ploughing in northeastern China occurs
typically at the end of April or the beginning of May. The BFI decreased to a minimum at
the end of June and early July due to increased groundwater exploitation for irrigation, water
diversion and the consequent decrease in river runoff. Temperature and precipitation are
high in summer and fall (July to November) when river flow reached its peak due to precip-
itation and snow-melting.
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Figure 11 Intra-annual variation of baseflow and BFI calculated using improved Eckhardt recursive digital
filtering method at Fuyu station
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Figure 12 Intra-annual variation of baseflow and BFI calculated using improved Eckhardt recursive digital

filtering method at Songhuajiang station
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A large number of reservoirs exists in the areas above Fengman. The construction of these
water conservancy projects has changed the underlying water circulation status in the basin.
It also changed the baseflow pattern in Songhua River’s downstream area (Figures 13 and 14).
Winter (November to March) river flow mainly depends on groundwater release, and there-
fore, baseflow is most closely related to the monthly runoff. A substantial increase of BFI
occurs in spring (March to May) due to the rise of temperature, which causes an increase in
water supply from snowmelt. The BFI in this season is also influenced by power generation
at Fengman and Baishan power plants and spring plough release. The BFI
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Figure 13 Intra-annual variation of baseflow and BFI calculated using improved Eckhardt recursive digital
filtering method at Fengman station
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Figure 14 Intra-annual variation of baseflow and BFI calculated using improved Eckhardt recursive digital
filtering method at Baishan station



1890 Journal of Geographical Sciences

decreases when the reservoir is discharged in summer and fall (June to November). The BFI
reaches a maximum in late August and early September due to higher temperature, increased
precipitation and summer power generation.

4.4 Regional rainfall infiltration supply coefficient calculation

A portion of infiltrated rainfall reaches the saturated zone and recharges groundwater, which
eventually discharges to the river as baseflow. The Second Songhua River Basin belongs to
the all-drainage basin. The multi-year average value indicates that the whole drainage ba-
sin’s baseflow is equivalent to groundwater recharge. Therefore, the rainfall infiltration sup-
ply coefficient can be calculated based on multi-year baseflow (Gao, 2015).

The Fuyu and Songhuajiang Hydrological Stations, and Fengman and Baishan Dams, re-
spectively were used as the water catchments to define their corresponding sub-basins. The
average precipitation at those meteorological stations was considered as their respective
sub-basin precipitation. Baseflow at Fuyu, Songhuajiang, Fengman and Baishan was calcu-
lated by multiplying the annual mean precipitation in m®/s by the water catchment area
(71,783 km? for Fuyu, 51,500 km? for Songhuajiang, 42,500 km? for Fengman, and 19,000
km? for Baishan). The obtained results for the period 2000—2009 are given in Tables 7—10.

Table 7 Rainfall infiltration supply coefficient during 2000-2009 at Baishan station

Vear Average rainfall Amount Baseflow amount Precipitation inﬁl.tration supply
(mm) (mm) coefficient
2000 838 208.17 0.25
2001 717 224.96 0.31
2002 714.1 140.15 0.20
2003 605.3 137.31 0.23
2004 7717.1 193.12 0.25
2005 866.4 262.87 0.30
2006 676.8 137.35 0.20
2007 759 148.48 0.20
2008 628.2 108.66 0.17
2009 717.9 126.05 0.18
20002009 729.98 168.71 0.23

Table 8 Rainfall infiltration supply coefficient during 2000-2009 at Fengman station

Year Average rainfall Amount Baseflow amount Precipitation inﬁl.tration supply
(mm) (mm) coefficient
2000 650.00 83.54 0.13
2001 646.00 141.00 0.22
2002 640.00 80.75 0.13
2003 696.00 70.29 0.10
2004 712.00 99.02 0.14
2005 873.00 148.39 0.17
2006 671.06 72.72 0.11
2007 705.13 83.86 0.12
2008 662.00 76.99 0.12
2009 624.10 82.74 0.13

2000-2009 687.93 93.93 0.14
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Table 9 Rainfall infiltration supply coefticient during 2000-2009 at Songhuajiang station

Year Average rainfall Baseflow amount Precipitation inﬁlltration
Amount (mm) (mm) supply coefficient

2000 326.1 180.27 0.55

2001 309.4 196.21 0.63

2002 722.9 170.89 0.24

2003 605.9 122.68 0.20

2004 427.7 189.54 0.44

2005 591.3 317.58 0.54

2006 477 209.08 0.44

2007 319.5 168.82 0.53

2008 516.3 162.78 0.32

2009 423.1 170.16 0.40
2000-2009 471.92 188.80 0.43

Table 10 Rainfall infiltration supply coefficient during 2000-2009 at Fuyu station

Vear Average rainfall Base low amount Precipitation inﬁl-tration
amount (mm) (mm) supply coefficient

2000 363.2 107.59 0.30

2001 272.9 132.79 0.49

2002 531.2 133.09 0.25

2003 4373 96.12 0.22

2004 296 138.12 0.47

2005 498 246.32 0.49

2006 3384 167.51 0.50

2007 273.6 132.50 0.48

2008 621.8 143.99 0.23

2009 394.2 140.34 0.36
2000-2009 402.66 143.84 0.38

Multi-year rainfall infiltration supply coefficients (2000—2009) at Baishan and Fengman
were in the range of 0.10-0.31 with averages of 0.14 and 0.23, respectively. The rainfall inf-
iltration supply coefficients at Fuyu and Songhuajiang, located below Fengman, were in
the range of 0.20—0.63 with an average of 0.38 and 0.43, respectively. The rainfall infiltra-
tion values in the middle and upper reaches of the basin were greater than that in the mid-
dle and lower reaches. In this study, the separation of baseflow and the estimation of rainf-
all were done for their respective sub-basins. Therefore, the obtained results can be consi-
dered accurate.

5 Conclusions and discussion

The baseflow characteristics of the Second Songhua River mainstream were estimated by
using IERDF. The following conclusions can be made from the results presented above:

(1) ERDF method proposed by Eckhardt simply set BFI;x as 0.80, 0.50 and 0.25 accord-
ing to subsurface and hydrologic conditions of the river basin. However, these values are
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always not appropriate for reliable separation of baseflow, leading to a significant error. In
the IERDF method, the BFI,,x was estimated using the minimum smoothing method to im-
prove the Eckhardt recursive digital filter’s performance in baseflow separation. This can
help avoid using arbitrary values for BFl,,,x based on local condition, which is often difficult
to determine. The baseflow separated by IERDF with N=2 (BFI,,=0.76) matched well with
that obtained using isotope '*O. Considering BFIay as 0.50 in the ERDF method (seasonal
river and pore aquifer dominance), the Second Songhua River Basin’s flows showed lower
than the actual flow. Therefore, the IERDF method compared to ERDF method is more ac-
curate. It can also reasonably calculate the process of baseflow in the Second Songhua River
Basin.

(2) Comparison of performance of different baseflow separation methods revealed signif-
icant differences in results. The interannual and intra-annual variabilities of BFI estimated
by different methods were compared to assess their stability and adaptability. The IERDF
method showed better stability, reliability and applicability in baseflow separation compared
to other methods.

(3) The BFI of the Second Songhua River mainstream showed an increasing trend from
the upstream to the downstream. The effects of human activities (agricultural activities,
groundwater exploitation and water withdrawal by the riverside) were noticed in the
baseflow at Fengman, located between the middle and upper reaches. The multi-year BFI at
Fengman, located at the lower reaches of Baishan Mountain, found lower than the baseflow
at Baishan, located at a higher elevation. The BFI of the Second Songhua River showed a
downward trend since 2000, indicating that the proportion of baseflow to the total runoff in
the basin was decreasing over time.

(4) The Second Songhua River showed different intra-annual BFI from upstream to
downstream due to different climatic conditions and subsurface characteristics. Winter flow
at Fuyu and Songhua is mainly due to the release of groundwater stored in the aquifer during
summer. In spring, glacial snowmelt recharges groundwater and thus, the BFI increases. At
the end of April or early May, the river’s baseflow reduces due to increased groundwater
exploitation and water diversion for irrigation. Hence the BFI value drops to the lowest in
late June and early July. The baseflow reaches its peak in summer and autumn (July to No-
vember) due to an increase in precipitation. The highest BFI peaks were observed at Feng-
man and Baishan in summer due to a water surplus from power generation and spring re-
lease in May.

(5) The rainfall supply infiltration coefficient of different sub-basins revealed that the
rainfall infiltration rate in the middle and upper reaches of the basin was higher than that in
the middle and lower reaches.

The baseflow separation is always a major challenge in hydrology and eco-hydrology. In
recent years, many studies have been conducted to improve the accuracy of baseflow sepa-
ration methods. The present study revealed that the results obtained by different separation
methods are not the same. Since baseflow separation involves multi-disciplinary sciences
such as climate, physical geography and hydrogeology, a generally accepted reasonable sep-
aration method have not been found yet. The accurate estimation of baseflow is more chal-
lenging due to the lack of experimental data. Therefore, obtaining significant research pro-
gress in baseflow separation is more difficult compared to other analytical challenges in hy-
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drology and water resources. A variety of baseflow separation methods, widely recognized
globally, are employed in this study to estimate baseflow. All of them showed error to a cer-
tain extent in the estimation of baseflow. Due to baseflow’s definition and generation pro-
cess, it is impossible to measure the baseflow accurately in a large basin using experimental
means. It is also not possible to thoroughly verify the results obtained using the separation
methods. The estimated values should only be as close as possible to the actual baseflow.

Further research is needed to better understand the baseflow process to device a more
scientific and accurate separation method. As a future study, the parameters (¢ and BFI,,x)
can be considered simultaneously in the two well parameterized digital filters to minimize
the baseflow prediction’s uncertainty. The influence of the dam reservoir on baseflow is not
fully considered in this study. Further study is needed to eliminate the influence of the dam
reservoir on baseflow.
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