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Abstract: The Hailiutu River basin is a typical area of semi-arid sandy land with relatively flat
topography, the surface of which is covered by undulating dunes and the development of the river
system is not obvious. The dominant hydrological cycle is precipitation infiltration through dunes
to aquifers followed by discharge to rivers. Therefore, the baseflow is an important component of
the streamflow in this basin, but few studies for the baseflow characteristics have been conducted.
The isotope tracer technique was applied to investigate the contributions of groundwater, soil water,
and surface water to streamflow during the flood period. The results showed that the contributions
of these components to streamflow were approximately 70%, 27%, and 3% respectively. Several
automatic baseflow separation methods including filtering and recursive digital filtering (RDF)
techniques were adopted to separate the baseflow from the streamflow and the adaptabilities of
these methods were evaluated. All the filtering methods including Hydrograph Separation Program
(HYSEP) and UK Institute of Hydrology’s method (UKIH) clearly underestimated the baseflow
when compared with the standard baseflow results which were provided by the previous study
using the tracer-based method in this basin, while the recursive digital filtering with Eckhardt filter
technique (RDF-E) produced better performance. In the nonprecipitation period, the RDF-E method
misidentified quick flow values which caused deviations between the separated baseflow and the
above standard value. Hence, we proposed a modified automatic baseflow separation method called
RDF-M by introducing the precipitation information into RDF-E. In comparison with the above
standard, the RDF-M method provided similar baseflow results which were consistent with the actual
situation of the Hailiutu River basin.

Keywords: baseflow; separation method; water components; semi-arid sandy area

1. Introduction

There are different components of streamflow during a precipitation process, such as surface flow,
interflow, baseflow, and so on. Commonly, the streamflow can be divided into two components which
are quick flow and baseflow. The quick flow, such as surface flow or interflow, responds quickly to
rainfall events, while baseflow whose main source is groundwater presents a slow response to rainfall
events [1,2]. Baseflow plays a critical role in maintaining water ecological health and water quality.
Investigation for baseflow can assist in the estimation of groundwater recharge, groundwater storage
variation, and water management [3—6]. It also can be applied to explore the hydrological processes of
catchment or improve the accuracy of streamflow prediction [7].
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Currently, abundant methods for baseflow separation are available, of them, the graphical method,
hydrological simulation method, tracer-based method, conductivity mass-balance (CMB) method,
and automatic method are commonly used [8] (Table 1). The graphical method is easy to implement as
it is based on empirical assumptions and user experiences [9]. However, this method is time consuming
and arbitrary [10]. The hydrological simulation method applies mathematical equations to simulate the
baseflow/quick flow to implement the baseflow separation process [11,12]. However, the hydrological
model frequently needs numerous basic hydro-meteorological data and needs a large amount of
time to calibrate the model parameters. The tracer-based method is considered as the most objective
approach since it uses experimental data to achieve baseflow separation. This method is restricted to
several rainfall events as it is laborious and expensive. Therefore, it is difficult to apply this method
to separate the long time series of streamflow [2,13]. Considering the difficulty of obtaining water
samples, researchers attempted to separate baseflow from streamflow with an alternative approach
which relied on components of water itself. One of the most popular methods is the conductivity
mass-balance (CMB) technique, which is performed based on the differences in physical processes
between baseflow and surface flow [14-16]. This method is also considered to be objective as it is based
on basin-specific physical processes. However, how to reasonably obtain conductive values of surface
flow and baseflow is still problematic since only conductive values of streamflow are available [15].
The automatic method, relying on filtering or the signal analysis approach, imitates manual separation
behavior to achieve baseflow/quick flow separation and can quickly obtain baseflow using a computer
program. Thus, it overcomes the subjectivity of the graphical method. This approach is widely applied
to the study of baseflow separation although it lacks rigorous physical meaning.

Table 1. Introduction to the commonly used baseflow separation methods.

Methods Input Data Example/Author
Graphical Streamflow and experience Szilagyi and Parlange [9]
Hydrological simulation Hydro-meteorological data Arnold et al. [11]
Tracer-based Streamflow and tracer values Klaus et al. [13]
Conductivity mass-balance Streamflow and specific conductive Stewart et al. [16]
Automatic Streamflow Gustard et al. [17], Eckhardt [18]

Generally, the automatic method can be divided into the filtering method and the recursive digital
filter (RDF) method [19]. Hydrograph Separation Program (HYSEP), Partitioning Computer Program
(PART), and UK Institute of Hydrology’s method (UKIH) belong to the filtering method, which is
widely applied to various research [17,19,20]. The RDF method was proposed by Lyne and Hollick [21]
and applied to separate the streamflow into quick flow and baseflow. In this method, the streamflow
series was processed as the digital signal. It adopts a digital filter to separate the streamflow series
into baseflow and quick flow when quick flow corresponds to high-frequency signals and baseflow
to low-frequency signals. In recent years, numerous digital filters have been proposed to implement
RDF [18,22]. Among them, the Eckhardt filter (RDF-E) is a utility filter, as it has two parameters to
reflect the groundwater recession and geological characteristics [18,23]. These two parameters are the
recession constant a g, and the maximum value of baseflow index (the ratio of baseflow to the total
streamflow) (BFI,;ux) but the value of baseflow constitutes BFI,;,, cannot be obtained directly while
the former can be estimated from recession analysis [18]. RDF method may mistakenly identify the
sharp changes of streamflow as quick flow since irrigation water withdrawals may as well cause these
variations [2]. Therefore, by integrating the precipitation data into the RDF method, more reliable
baseflow/quick flow results can be obtained.

Numerous researchers studied the baseflow processes in different regions, such as low land [19],
mountain [24], glacier melt dominated area [23], karst catchments [25], loess plateau [26], and so
on. However, little attention has been paid to the semi-arid sandy land. The Hailiutu River basin
is a typical semi-arid sandy area rich in mineral resources such as natural gas, coal, and oil. In
recent years, with economic development, water scarcity is acute, and the contradiction between
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water resources development and utilization with ecological protection is becoming prominent. This
basin allows researchers to study the water cycle and ecosystem for understanding the hydrological
and aquatic ecological characteristics of the semi-arid sandy area [27-29]. Meanwhile, researchers
adopted statistical analysis, hydrological modeling, or experimental method to study the variation
characteristics of runoff [30-33]. In this area, the surface is mainly covered by undulating dunes,
the topography is relativity flat, and the dominant hydrological cycle is precipitation infiltration
through dune to aquifers followed by discharge to rivers; therefore, the baseflow is an important
component of the streamflow [34]. Yang et al. found that the baseflow index was around 96.4% during
one year and this value is also up to 75% during flood events by the tracer-based method [35]. However,
there are still some questions about the baseflow that should be further analyzed. Such as: what is
the contribution of soil water to the streamflow during a flood event and which baseflow separation
method is more suitable in the semi-arid sandy area?

The objectives of this paper are: (1) to investigate the contributions of groundwater, soil water,
and surface water to the streamflow during the flood event; (2) to compare the performance of
different baseflow separation methods and propose a new baseflow separation method by introducing
precipitation data; (3) to analyze the baseflow/quick flow characteristics under long time scale.
The results obtained in this study can provide guidance for water resources management and planning
in the local government.

2. Materials and Methods

2.1. Study Area

The Hailiutu River is a branch of the Wuding River of the Yellow River basin and belongs to the
Erdos Plateau in northwest China. The Hailiutu River basin is located between 38°02’ to 38°50’ N,
and 108°37’ to 109°14’ E, covering an area of 2500 km? (Figure 1). The elevation of the Hailiutu River
basin ranges from 1471 m in the northwest region to 1016 m at the watershed outlet. It has a relatively
flat topography and the land surface is mainly characterized by undulating dunes and low hills at the
northern and western water divide. Only about 5% of areas of this basin have a surface slope greater
than 5° which is mainly located in the valley bottoms [34]. This basin is a part of Mu Us desert, but
around 88% surface area of which is covered by xeric shrubland [33]. The geological formation in the
Hailiutu River basin can be divided into four strata: (1) the Holocene Aeolian sand with a thickness
of 0 to 50 m; (2) the upper Pleistocene Shalawusu sandstone formation of the Quaternary age with
a thickness of 5 to 90 m; (3) the Luohe sandstone of Cretaceous age with a thickness of 180 to 330 m,
overlain with the Shalawusu formation; and (4) the bedrock, which consists of impermeable Jurassic
sediments [30]. The study area is under a semi-arid climate with unevenly distributed precipitation.
Mean annual precipitation is 330 mm of which about 80% annual rainfall occurs during the rainy
season (June to September). The Hailiutu River has a relatively steady discharge even in the dry season
(October to May) as groundwater is the primary source of streamflow [36].

2.2. Data

The observed historical daily rainfall and streamflow data of the Hailiutu River basin (1957-2014)
were used in this study provided by the Yellow River Conservancy Commission. Some statistical
indexes of average streamflow and precipitation which were calculated at an annual scale were listed
in Table 2. It was found that the standard deviation of streamflow was smaller than its average,
resulting in a small value of the coefficient of variation. That means the inter-annual variation of
streamflow was uneven. Similarly, the inter-annual variation of precipitation was also uneven but its
variation was weaker than that of streamflow.
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Table 2. Statistical values of Hailiutu River Basin for annual average streamflow and precipitation.

Items Minimum Maximum  Mean Standard Deviation  Coefficient of Variation
Streamflow(m?/s) 1.3 5.03 2.62 0.61 0.23
Precipitation(mm) 143.5 748.8 358.2 110.4 0.31
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Figure 1. Summary of the study area: location of the catchment, observation stations, and digital
elevation model.

To analyze the contributions of surface water, soil water, and groundwater to streamflow during
the flood period, field experiment was carried out from 23 July to 31 July 2016 in the riparian zone.
During the experiment, water samples of rainfall water, soil water, groundwater, and stream water
were collected to analyze stable water isotopes oxygen-18 (1¥0) and deuterium (*H). A rain bucket
was used to collect rainfall water. The “Rhizon” soil moisture sampler was used to collect soil water
and it can extract a 5-10 mL volume of interstitial soil pore water without significantly disturbing the
structure [37]. Groundwater was collected through a well with a depth of about 2 m. Stream water
was directly collected from the stream. Meanwhile, precipitation was measured using an automatic
tipping-bucked rain gauge (model name: Onset HOBO RG3-M, diameter: 15.24 cm, and resolution:
0.2 mm). ECH,O 5TE sensors of Decagon Devices, Pullman, Washington, USA were applied to measure
soil water content and Decagon’s EM50 data logger was adopted to record the output signal from the
5TE sensors (30 min resolution).

2.3. Methods

In this paper, tracer-based and automatic separation methods were used to separate the baseflow
from streamflow and the automatic method includes filtering and recursive digital filtering (RDF)
separation methods. For the filtering method, HYSEP and UKIH were adopted to implement the
separation. The RDF with Eckhardt filter called RDF-E and modified RDF-E by introducing precipitation
information called RDF-M were used to perform the separation.
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2.3.1. Tracer-Based Method

In this study, isotopes were used as the tracer to implement the tracer-based method. Commonly,
with n isotopic signatures, the contributions of n+1 water sources to the streamflow can be
determined [38]. A typical equation [38] using two isotopic signatures (5! and &%) to separate
the contributions (C) of three water sources to the streamflow (r)is

S

1. co} = o}

3

Y, Cio? = &7 D
=)

3

Y. Ci=1

i=1

When only one isotopic signature was applied to identify the contribution of two water sources to
streamflow, Equation (1) can be rewritten as follows:

iq@:&
B @
Y.C=1
i=1
It is noted that several assumptions as follows should be satisfied when using the above equations
to investigate the contributions of different components to the streamflow.
(1) The isotope values of all investigated components are significantly different;
(2) The isotope signatures of all investigated components are constant in space and time, or the
variations of them can be accounted for;
(3) The contributions of surface storage to streamflow can be ignored [13,19].

2.3.2. Automatic Methods

UK Institute of Hydrology’s Method (UKIH)

The UKIH method was proposed by the Institute of Hydrology and programed by Gustard et al. [17]
and according to Koskelo et al. [2], the detailed procedures of UKIH can be arranged as follows:

Step 1: Mean daily streamflow was divided into n nonoverlapping blocks of N days to calculate
the minimum daily streamflow g; of each block i for the day 4; and was recorded as g1, 4> ... , g, for
the corresponding day d1, dy, ... , dy.

Step 2: For each minimum streamflow g;, the following equation was tested. If g; satisfied
Equation (3), then the baseflow is g;.

gi-1 <0.9-9; < qitq 3)

Step 3: By linear interpolation, daily baseflow g, between each successive baseflow day d;
was computed.

Step 4: For any given day, if the computed baseflow g, (i) > total streamflow Q; then the computed
baseflow g, (i) =total streamflow Q;.

In the original UKIH, the N was specified as a fixed value (5 days), but it failed to reflect the varying
hydrological conditions of the watershed with different sizes [39]. Therefore, the variation of baseflow
index (BFI) with change in N should be noted when UKIH is applied in different watershed [40].

Hydrograph Separation Program (HYSEP)

The HYSEP method was proposed by Pettyjhon and Henning [41] and it was compiled as
a program by White K E and Sloto R A [42]. HYSEP can be divided into fixed interval (H-Fixed),
sliding-interval (H-Sliding), and local-minimum (H-LM) method. The procedures are as follows:
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H-Fixed Method

Step 1: Identify the duration of quick flow from the empirical Equation (4). The interval of
calculation was approximately 2N and adjusted to the nearest odd integer from 3 to 11 (i.e., if the value
of 2N is 4.2 then the adjusted value will be 5 and so on).

N = 0.84A%2 (4)

where N is the duration of quick flow (days); A is the watershed area (km?).

Step 2: The minima of streamflow in each interval was calculated and the minimum value of that
point was assigned to all days of the interval period. Then the interval block was shifted 2N days
horizontally along the hydrograph and the process was repeated. The assigned daily values of every
interval blocks were connected to define the baseflow hydrograph.

H-Sliding Method

The interval block was made by 2N-1 days to calculate minimum discharge of each interval
but this value was assigned to median days in that interval. Then, the block was slid to the next
day and the process was repeated. Finally, the assigned daily values were connected to define the
baseflow hydrograph.

H-LM Method

In this case, 2N-1 days interval block was made to check each day in the interval for determining
the lowest discharge that satisfied the criteria of the local minima of the hydrograph. Then, the blocks
were shifted the next day and the process was repeated. If the day satisfied the criteria then a straight
line was drawn connected to the adjacent local minima which defined the baseflow hydrograph.

Recursive Digital Filtering Method (RDF)
In this paper, RDF-E, which was proposed by Eckhardt [18], was applied to drive the RDF method

to separate baseflow by the following equation:

(1 = BPImax)atgady(i = 1) + (1 = atgu )BFImaxQ(i)
1- angFImax

q(i) = ®)

As mentioned above, from the above equation, RDF-E requires the determination of recession
constant ag;; and maximum value of the baseflow index (BFImax) and the recession analysis was used
to estimate the value of recession constant agy, [43]. According to the assumption of the linear reservoir,
the groundwater outflow can be estimated by Equation (6) during the groundwater recession process.
Ideally, in a plot of Q(i) against Q(i — 1), all points should be on a straight line across the origin, and the
slope of the line is the groundwater recession constant a .

Q(l) = Oéng(i - 1) (6)

Eckhardt considered BFImax0.80 for perennial streams with porous aquifers, 0.5 for ephemeral
streams with porous aquifers, and 0.25 for perennial streams with hard rock aquifers [18]. However,
Eckhardt suggested these values based on study results of several typical watersheds, and therefore,
these may have some differences in actual situations in some other watersheds. Eckhardt also
recommended other approaches, e.g., the tracer experiments to calibrate the BFImax value. In this study,
the BFImax value was estimated by a backward filtering operation which was proposed by Collischonn
and Fan [44]. The maximum baseflow of the previous day can be estimated by Equation (7) which is
generated from Equation (6):

Qp(i-1) = Qb(i)/agw ()
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During the groundwater recession period, all the streamflow should come from groundwater, i.e.,
baseflow is equal to streamflow. Then, maximum baseflow can be estimated by repeating Equation (7)
and the maximum baseflow of one day should be confined to the streamflow of that day.

Modified Recursive Digital Filtering Method (RDF-M)

In this paper, based on the RDF-E method, we proposed a new RDF method RDF-M by introducing
the precipitation information to improve the accuracy of baseflow separation. The detailed calculation
procedure was presented in Figure 2. Firstly, accumulated precipitation of N days was calculated,
where N is a quick flow duration caused by precipitation and its value can be confirmed by the
observed flood processes or experiment. If the accumulated precipitation is greater than TH), then the
RDF-E method is used to calculate the baseflow, otherwise, the baseflow is specified as streamflow of
that day. TH), is a threshold that indicates whether quick flow has occurred and is specified as 1 mm in
this study according to the results of Yang et al. [45].

e
!

Read stream flow (Q;,i=1,2,...n) and precipitation (P;,i=1,2,...n)

Quick flow duration N(interval)

Calculate accumulated precipitation Ap; for i-th interval (Api = Zm )
t=i-N
No
Api>TH,
Yes
BF 4y
=i+l Groundwater recession constant (¢, )
Excute RDF-E procedure Specify baseflow(gs) as streamflow(Q;)
No
i=n?
Yes

S

Figure 2. The flowchart of modified recursive digital filtering (RDF-M) method.

3. Results

3.1. Tracer-Based Method

During the experiment, only one precipitation event occurred (date: 24 July 2016, precipitation:
41.4 mm). The temporal variations of water isotopes, oxygen-18 (180), and deuterium (*H) were
expressed as 6°H and 6'80 respectively and these variations (unit: parts per thousand) with respect to
precipitation, streamflow, groundwater, and soil water during the experiment are shown in Figure 3.



Water 2020, 12, 434 8 of 22

The variation process of 52H and 680 was consistent although the values of the two were quite different.
During the precipitation event, the isotope values of streamflow were composed of the isotope values
of precipitation, soil water, and groundwater, indicating that the streamflow was recharged by these
three water sources. For example, in the case of 52H at the time 24 July 2016, 13:00 h, the isotope
values of the groundwater, soil water, and precipitation, streamflow were found -75.4, -57.8,—100.7,
and —72.8 and in the case of §'80, the isotope values of these components were found —11.9, 7.5,
—10.6, and —9.6 respectively (Figure 3). Now according to Equation (1), the contributions of these three
components at that time were found to be 30.2%, 47.1%, and 22.7% respectively, see Figure 4a—c. After
the precipitation event, the isotope values of streamflow also made up the combined isotope values
of soil water and groundwater in the same way we presented above, representing that the inflows
of stream were from soil water and groundwater. Subsequently, the isotope values of streamflow
and groundwater were found to be very close, which indicated that groundwater is the key source
of streamflow.

Date
2016/7/24 2016/7/25 2016/7/26 2016/7/27 2016/7/28 2016/7/29 2016/7/30 2016/7/31
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@ Groundwater A Precipitation Soil water Y& Streamflow

Figure 3. The variation of rainfall (a) and isotopic values (b,c) with respect to precipitation, stream
water, groundwater, and soil water during the experiment.
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Figure 4. Percentage variations in the contribution of (a) groundwater, (b) soil water, and (c) surface
water to streamflow and (d) percentage variation of water content in different soil depths during
the experiment.

During the precipitation, the streamflow was composed of groundwater, soil water, and surface
water while after the precipitation event only soil water and groundwater constituted the streamflow.
Based on Equations (1) and (2), the contributions of different water sources to streamflow during the
precipitation and after the precipitation event were analyzed (Figure 4). Meanwhile, the variations of
water content in different soil depths measured during the experiment were also illustrated in Figure 4d.
At the beginning of the precipitation event, the source of streamflow was mainly coming from
groundwater. The soil water content increased quickly with the increase of precipitation and the role
of groundwater to streamflow reduced accordingly. After the end of precipitation, during the period
of about five days, the contribution of groundwater to streamflow showed an upward trend, and the



Water 2020, 12, 434 10 of 22

contribution of soil water to streamflow showed a downward trend. The total contributions of these
three water sources to the streamflow during the flood period can be estimated by the calculation of
the area of the graph (Figure 4a—c) using the trapezoidal rule. If the area of graph (a), (b), and (c) is Ay,
A;, and Asf respectively, then the contribution of groundwater, soil water, and surface water to the
streamflow will be in that order (Ag/(Ag + As + Agp)) X 100%, (As/(Ag + As + Agp)) X 100%, and (Agf/(Ag +
Ag + Asf)) % 100%. Therefore, with this calculation, the estimated values of A¢, As, and Asf in percentage*
day were 3.65, 1.43, and 0.16 respectively and the contribution of groundwater, soil water, and surface
water to streamflow were found to be about 70%, 27%, and 3%, respectively.

3.2. The Results of Different Baseflow Separation Methods

3.2.1. Value of N for UKIH

To specify the value of N in the UKIH method, the frequency analysis of annual mean streamflow
was done. The wet year, normal year, and dry year correspond to frequencies of 25%, 50%, and 75%.
Then, BFI values with different N values under different hydrological conditions (rainy year, normal
year, and dry year) were calculated based on the UKIH method. Results indicated that the BFI value
presented a clear decreased tendency with increased N until N>6 (Figure 5). Therefore, in this paper,
the N of UKIH method was specified as 6.

1.00
\ —&— Rainy Year —@— Normal Year —#— Dry Year
0.95 —
=
@ 0.90 -
0.85 4
0.80 T T T T T T T T 1
0 1 2 3 4 5 6 7 8 9

Figure 5. The baseflow index (BFI) value calculated by UK Institute of Hydrology’s method (UKIH)
with different N for a rainy year, normal year, and dry year, respectively.

3.2.2. Value of Parameters for RDF-E

In the RDF-E method, two parameters should be specified first. Using linear regression analysis,
the groundwater recession constant ag,, was estimated as 0.956 (Figure 6) and by the backwater filter
proposed by Collischonn and Fan [44], the maximum baseflow index BFInax Was estimated as 0.92.

3.2.3. Value of N for RDF-M

To determine the quick flow duration of the Hailiutu River basin, four typical flooding processes
of this basin were selected, and the quick flow duration was found to be about five days (Figure 7).
Therefore, in this study, the value of N for RDF-M was specified as five days. This value is also
consistent with the value obtained from the tracer-based method (Section 3.1).
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o Streamflow —— Linear regression
0(i)=0.9560(i-1)
4] R?=0.998

1 2 3 4
O(i-1) (m’/s)
Figure 6. Scatter plot of streamflow Q(i) against Q(i — 1) during recession period.
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Figure 7. The streamflow process of typical flood events in the Hailiutu River basin.

3.2.4. Performance of the Methods

In this study, different automatic separation methods were applied to separate baseflow from
streamflow (1 November 2010 to 31 October 2011) measured by Yang et al. [35]. For the HYSEP method,
the interval blocks in the H-fixed method were specified as 10 (2N) days, while in the H-sliding
method and H-LM were specified as 9 (2N — 1) days. Then, with these interval values, the baseflows
by each method of HYSEP technique were determined. Using the UKIH method, the baseflow was
separated from this observed streamflow data by the N values (six days) already determined in Figure 5.
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For the RDF-E method, the baseflow was separated from the same streamflow series considering
the Equations (5)—(7) and Figure 6. In the case of the RDF-M method, the baseflow separation was
performed following the flow chart as shown in Figure 2 by considering the quick flow duration of five
days (Figure 7). Yang et al. [35] determined the baseflow using the tracer-based method which was
an objective method to reflect the actual situation of the watershed of the study area (Figure 8h); thus,

we took this result as a standard. Performances of the methods are shown below.

1.

During the rainy season, the contribution of baseflow to streamflow was high (Figure 4). As
shown in Figure 8 during the period 29 June 2011 to 6 July 2011, the separated baseflow of
RDF-E and RDF-M nearly commensurated with the standard value, while other filtering methods
failed to reflect this phenomenon. On the other hand, during the dry period (May to October)
the streamflow was nearly equal to baseflow because inflows of the stream were mainly from
groundwater at that time [30]. However, all the methods except RDF-M underestimated the
baseflow during this period (Figure 8).

In Figure 9, the results of baseflow by using different automatic methods were compared to that
of Yang et al. [35] by determining the Pearson correlation coefficient (R), and the comparisons
between the individual methods were shown. The R values between each filtering method
(HYSEP and UKIH) were found to be more than 0.9 which dictated that they produced similar
baseflow results. Moreover, comparing with the standards, all the filtering methods significantly
underestimated the baseflow and performed poorly (the highest R is only 0.587), while two
RDF methods performed better than filtering methods (R > 0.9) and the RDF-M outperformed
the RDF-E.

The performances of these methods were identified by the three quantitative statistics:
(a) Nash-Sutcliffe efficiency (NSE), (b) Ratio of the root mean square error to the standard
deviation of measured data (RSR), and (c) Percent bias (PBIAS). These statistics were selected
because of their robustness in terms of applicability for various constituents, models, and climatic
conditions and their versatility, acceptance, and recommendations in the published literature [46].
The large value of NSE indicates the high performance while the smaller the RSR value the better
the performance will be and the small absolute value of PBIAS shows good performance. In
reference to this, the HYSEP and UKIH methods performed poorly as NSE values were found to
be small compared with RDF-E and RDF-M. Moreover, the recursive digital filtering methods
outperform the filtering methods in terms of RSR and PBIAS (Table 3). In comparison to the
RDF-E and RDF-M, the RDF-M performed better for the separation of baseflow from streamflow
than the RDF-E according to the three statistics (Table 3).

Here, the performances of the different methods were determined based on baseflow distributions.
In this case, we drew a histogram with the intervals of 0.005 m?/s (Figure 10). The results of the
tracer-based method (standard) showed that the baseflow was mainly distributed in the interval
of 0.03-0.045 m?/s, and the peak appeared in the interval of 0.04-0.045 m?/s but the distributions
determined by UKIH, HYSEP, and RDF-E were quite different than that of the tracer-based
method, except RDF-M (Figure 10). The results of RDF-M were closer to the standard because of
the inclusion of precipitation data.

Now, the performances of the different methods were compared based on baseflow index (BFI)
obtained by using the historical streamflow data from 1957 to 2014. These baseflow indexes
were divided into two groups, rainy season and dry season, and the differences between the
two groups in terms of median value of BFI were considered. Commonly, during the rainy season,
the increase in precipitation produced the increased quick flow as compared with the dry season.
Therefore, the median value of BFI was different during the rainy season and dry season. As
displayed in Figure 11, all methods including RDF-M followed this phenomenon except the
RDF-E. This is because in the RDF-E method, the median value of BFI for the dry season and
rainy season were found to be almost the same.
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Figure 8. Scattered comparison of baseflow obtained by different baseflow separation methods.
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Figure 9. The distribution of daily BFI obtained by different automatic baseflow separation methods in

the dry season and rainy season.

Table 3. The performance of different baseflow separation methods.

Methods NSE RSR RE
UKIH 0.23 0.88 -8.18
H-Fixed 0.06 0.97 -11.33
H-Sliding 0.18 0.9 -9.73
H-LM 0.12 0.94 -10.81
RDF-E 0.80 0.45 —-6.20
RDF-M 0.88 0.34 0.55
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Figure 11. Comparison of baseflow variation process obtained by different baseflow separation
methods (a) precipitation, (b) UKIH, (c) H-Fixed, (d) H-Sliding, (e) H-LM, (f) RDF-E, (g) RDF-M,
(h) tracer-based method.
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3.3. The Annual Variation of Mean Baseflow and Quick Flow by RDF-M Method

The recursive digital filtering methods performed better than the other filtering processes
with respect to different criteria presented in Section 3.2.4. It was shown that the RDF-M method
outperformed the other methods. Therefore, the RDF-M method was applied to separate the baseflow
and quick flow with the historical streamflow data between the period 1954 and 2014. The Mann-Kendall
test (MK) [47] and the sequential t-test analysis of the regime shift (STARS) [48] were used to analyze the
baseflow and quick flow trends and change points respectively. The MK test can be used for detecting
trends in a time series without specifying whether the trend is linear or nonlinear and it is an excellent
tool for trend detection, so many researchers have used this method to assess the significance of trends
in hydroclimatic time series data such as water quality, streamflow, temperature, and precipitation [47].
The STARS method belongs to the category of exploratory or data-driven analysis that does not require
a priori hypothesis on the timing of regime shifts. This greatly facilitates an application of the algorithm
for automatic computations, when the number of variables processed can be practically unlimited. It
also facilitates detecting a regime shift relatively early and then monitoring how its magnitude changes
over time [48].

According to the MK test, the test statistic Z values of baseflow and quick flow were found to be
—6.25 and —3.11 respectively when analyzing the data on an annual scale. The test statistic’s threshold
value was 1.96 at the 0.05 confidence level [47]. Hence, the two flows possess a significant decreasing
trend during the historical period (Figure 12). According to the STARS method, three change points
(1968, 1986, and 2001) were detected for annual baseflow and merely one point (1968) was detected for
annual quick flow (Figure 12).

5 Baseflow — — - Step trend

Baseflow (m%/s)

1 I ' I ' I ' I ' I ' I

1960 1970 1980 1990 2000 2010
ear
0.6 = Quick flow = = - Step trend b
)
2
5
=
s
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0.0 —
T T T T T T T T T T T
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Year

Figure 12. Flow regime shifts (a) annual mean baseflow and (b) annual mean quick flow.
4. Discussion

4.1. The Contribution of Water Sources on Streamflow During the Flood Period

In general, the tracer-based method is widely used for baseflow separation or runoff generation
analysis since it is measurable, objective, and based on components of water itself [13]. In previous
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studies of our study area, only one tracer was used to partition the contributions of groundwater and
rainfall water to streamflow neglecting the role of soil water [30,36]. However, during the experiment,
we found that the significant difference of isotope values of groundwater and soil water and the isotope
value of streamflow was composed of the isotope values of groundwater and soil water. Therefore,
the isotope value of soil water was an important component of streamflow results (Section 3.1). In
the experimental period, under the influence of heavy rainfall, the existence of surface runoff was
observed in the riparian zone. After the precipitation, surface runoff was quickly converted to soil
water due to the high infiltration rate of sandy soil. Therefore, in the paper, the contributions of surface
water/precipitation, soil water, and groundwater to streamflow were considered during the rainfall
event and only soil water and groundwater contributions were regarded after the rainfall event.

Generally, in the semi-arid area, during storm events, the surface flow is generated when the
precipitation exceeds infiltration capacity. For sandy land, it seems the surface runoff has difficulty
appearing as the final infiltration rates of sandy soil can exceed 100mm/h [49]. However, studies
showed that precipitation intensity may exceed the infiltration rate of sandy land covered by biological
topsoil crust as it may reduce the infiltration rate of soil significantly [50,51]. It was also shown that
the surface runoff could be observed in a dune area covered by a biological crust [51]. In the riparian
zone, soil moisture is higher than other areas, which helps the formation of biological crusts. During
our experiments in the riparian zone, the high contribution of surface water to streamflow (up to
40% during the storm event in Figure 4) was observed and this phenomenon can be attributed to the
riparian zone covered with biological crusts. The contribution of groundwater to streamflow decreased
(minimum to 20% during the storm event in Figure 4) with the increased contribution of surface water
and soil water. The variation of contributions of pre-event water obtained by Yang et al. [30] through
two-component hydrograph separation also presented similar characteristics. It was noted that due to
the high infiltration rate of the sandy land, surface runoff would disappear quickly after the heavy
precipitation event. Therefore, during the flood period, the total contribution of surface water to
streamflow is only 3% (Section 3.1). In the experiment site, the groundwater level in the riparian zone
was higher than the river water level, which indicated that groundwater continuously inflowed to the
stream [30]. During the flood period, a small part of the precipitation in the form of surface runoff
recharged the stream while most of the precipitation recharged soil water and groundwater due to the
high infiltration rate of sandy land. Therefore, the contribution of groundwater to streamflow was also
high even during a flood period.

4.2. The Strengths and Weaknesses of the Different Automatic Methods

In order to efficiently separate the base flow from streamflow, researchers have proposed many
automatic baseflow separation methods; however, the performance of these methods varies significantly
in different areas [14,19]. For the semi-arid sandy area, different methods need to be compared and
analyzed, and a method suitable for the area should be selected. Therefore, in this study, isotope-based
method was used to evaluate the performance of several common automatic baseflow separation
methods. For the RDF-E method, we need to determine the values of Qg and BFI.x where Qg CAN
be determined using the recession analysis (Figure 6). Generally, the value of BFIyayx is dependent
on the hydrological and hydrogeological characteristics of the area, which has a greater impact on
the separation results than ag, and can be calibrated by the isotope-based method [18]. RDF-E
method with a larger BFlmax value can obtain a higher baseflow. Researchers also used the results
of the conductivity mass balance (CMB) method or simulation results of the hydrological model to
calibrate the parameter BFImax [14,52]. In this paper, we used the backward filtering operation method
to determine the value of BFImax, which is entirely based on discharge records and found that the
value was 0.92 (Section 3.2.2). This value exceeded the maximum value (0.80) suggested by Eckhardt
(Section 2.3.2), which was supported by other research [19,44]. It was noted that the value of BFIjay is
dependent on ag;, (Equation (7)). Hence, a certain deviation of a¢;, estimated by recession analysis can
produce the discrepancies on the estimated value of BFlmax. However, according to the performance
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evaluation in different aspects, the results of RDF-E and RDF-M using the value of BFInax (0.92) were
found consistent with the results of the isotope-based method (Section 3.2.4). Therefore, in the study
area, it was appropriated to estimate the value of BFIax by backward filtering operation.

If we compare our study area to the other desert areas, we find that both areas possess sandy
soil with a high infiltration rate and flash flood is a significant feature in some of the desert land [53].
However, in our study area, the stream maintained a relatively stable water level due to the contribution
of groundwater during the dry period which was rare in desert areas. During the rainy season,
the contribution of groundwater to streamflow was still high in our study area which produced high
quantity baseflow, while for many desert areas the groundwater contribution was relatively small to
generate low baseflow amount [54]. According to Figure 8, the filtering methods could not effectively
identify the baseflow during the precipitation event. Therefore, we assume that the filtering methods
could apply to the other desert areas, but in our study area, they were not suitable. The recursive
digital filtering method with Eckhardt (RDF-E) could be applied in both areas as it produced better
results in baseflow separation. In the study area, the quick flow was formed during the heavy rainfall
but in the nonprecipitation period, the base flow was approximately equal to streamflow (Figure 8h).
In comparison to RDF-E with RDF-M during the nonprecipitation period (e.g., 1 November 2011
to March 2011 in Figure 8), the latter produced baseflow similar to streamflow while the former
generated a difference between baseflow and streamflow as the former misidentified some quick flow
components (Figure 8f,g). The incorporation of precipitation information in RDF-M made it more
robust for the separation of base flow than other methods.

4.3. The Sensitivity Analysis of RDF-M

Compared with RDF-E, RDF-M required three additional parameters: quick flow duration N,
N-day cumulative precipitation AP, and threshold for quick flow TH), to separate baseflow. In the
RDF-M, AP was directly calculated by observed precipitation while N and TH), were determined by
experiment or observed values. Similar to the Eckhardt [18], we performed a sensitivity analysis
using streamflow records of Figure 8 on these two parameters. To this purpose, one parameter was
changed in turn, keeping the other one constant. In this case, the sensitivity index I was equal to the
relative change of BFI divided by the relative change of parameter (Table 4). It was found that the
parameter TH), possessed a weaker influence on the calculated baseflow index than the parameter N.
The variation of N induced a change in the calculated N-day cumulative precipitation AP, which in turn
caused a certain change in the separated baseflow. This may explain why N was more sensitive than
TH,. Both observed flood processes and isotope experiments showed that the duration of the quick
flow in the study area was about five days; thus, this value could be considered to rightly reflect the
realistic situation of the basin. Then, whether the streamflow fluctuation is caused by quick flow can
be confirmed by AP and TH), (Figure 2). To make the accumulated precipitation more consistent with
the actual situation of the basin, we used the areal precipitation calculated by the Thiessen polygons
method to contribute to the calculation.

Table 4. Results of the sensitivity analysis for RDF-M.

Quick Flow Duration N Threshold for Quick

(Days) Flow TH,, (mm) Baseflow Index Sensitivity Index I (%)

5 1 0.964

5 0.5 0.957 1.45
5 15 0.968 0.83
5 2 0.969 0.52
3 1 0.974 -2.59
7 1 0.96 -1.04
10 1 0.951 -1.35
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4.4. The Annual Variation of Baseflow and Quick Flow of the Hailiutu River Basin

Yang et al. [33] used several methods to detect the change points of the annual mean streamflow
of the Hailiutu River Basin, and results showed that there were four major shifts in mean streamflow
(1968, 1986, 1992, and 2001). Studies have shown that some reservoirs were constructed around 1968 in
the Hailiutu River basin, and the construction of these reservoirs caused the regime shift of annual
mean streamflow [33,34]. During the period 1986-2001, the amount of irrigation water and water
diversion were increased with the result that the annual mean streamflow brought regime shifts in
1986 and 2001 [55]. In this study, the proposed method, RDF-M, was applied to historical streamflow
data to find variability of the annual mean baseflow and annual mean quick flow of the Hailiutu River
basin. Due to the high BFI value (0.954) calculated by RDF-M using the historical streamflow data
of this basin, the variation of streamflow and baseflow were nearly similar and the change points of
annual mean baseflow were identified as 1968, 1986, and 2001 (Figure 12a) which were similar to that
of the annual mean streamflow. For annual mean quick flow, only one change point was detected:
1968 (Figure 12b). This shift occurred due to the construction of the reservoir in the Hailiutu River
basin at that period.

4.5. Limitations and Outlook

In this study, isotope tracer technology was applied to investigate the contribution of different
water sources to streamflow only during one flood period (Section 3.1). During the experiment,
the streamflow data logger got damaged, hence we could not collect the streamflow data from the
instrument. The contributions of water sources to streamflow investigated by isotopes was sensitive to
the intensity of precipitation and the duration of precipitation [13,56]. Thus, in the future, the collection
of isotope data under more flood events should be considered, and the runoff generation characteristics
will be further analyzed in conjunction with the streamflow data. Meanwhile, the artificial neural
network technique [7,57-59] can also be applied in our study area to understand the characteristics of
runoff but it is out of the scope of this study. In this paper, by introducing precipitation information,
we propose an improved RDF-E method called RDF-M to develop the accuracy of baseflow separation.
The analysis shown here is valid for a semi-arid sandy area where streamflow is mainly recharged by
groundwater and analysis should be extended to other regions.

5. Conclusions

In this paper, the tracer-based method was applied to analyze the contributions of surface water,
soil water, and groundwater to streamflow during a flood period. The adaptability of several baseflow
separation methods was analyzed and compared, and the suitable baseflow method for the Hailiutu
River basin was investigated. Considering the deficiency of the recursive digital filter with Eckhardt
(RDF-E) method, a new baseflow separation method combining precipitation information with RDF-E
called RDF-M was proposed. The main conclusions were as follows:

1.  During the experiment from 23 July to 31 July 2016, it was found that groundwater was the
main source of streamflow, the quick flow duration was about five days, and the contributions of
groundwater, soil water, and surface flow to streamflow were 70%, 27%, and 3% respectively.

2. Using the streamflow data from 1 November 2010 to 31 October 2011 and the results of baseflow by
tracer-based method found in previous studies was considered as a standard for the determination
of performances of filtering methods and recursive digital filtering methods (Section 3.2.4). With
the comparison of the above results, the filtering methods including the Hydrograph Separation
Program (HYSEP) and UK Institute of Hydrology’s method (UKIH) clearly underestimated
the baseflow while both the RDF-E and RDF-M method were found effective for separation of
baseflow. During the nonprecipitation period, the RDF-M method produced baseflow similar to
the streamflow which accorded with the actual situation of the Hailiutu River basin while the
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RDF-E method generated some variations between baseflow and streamflow as it misidentified
quick flow values.

By analyzing the historical streamflow (1957-2014) of the Hailiutu River basin, the baseflow/quick
flow was separated using the RDF-M method. The three change points (1968, 1986, and 2001) of
separated baseflow were detected by the sequential t-test analysis of the regime shift (STARS)
process while only one change point (1968) was found for mean quick flow.
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