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Abstract Baseflow is an all‐important replenishment feature of the hydrologic cycle for maintaining
surface water in basins across the world. Understanding its dynamics and the influence of climate
variability and human activities will be beneficial for developing sustainable water‐management strategies.
In this study, we selected 11 basins within the Loess Plateau (a typical semiarid region in China) for
assessment of the variations in baseflow and baseflow index (BFI; the ratio of baseflow volume to total
streamflow volume) during the period 1961–2014. We compared eight baseflow separation methods and
selected the median series in order to reduce the uncertainty. Results showed that values of the “Bflow” and
Eckhardt filter methods were higher than values of the other six methods for the period of peak discharge.
Annual baseflow exhibited a statistically significant downward trend (p < 0.01) in all 11 basins except
Qingjian and Yanhe basins, while nine basins trended upward for BFI. All basins exhibited downward trends
for seasonal baseflow in all seasons, with Yanhe and Qingjian showing the least significant trend. Variations
in both baseflow and the BFI were more sensitive to variations in potential evapotranspiration than to
variations in precipitation. Across these 11 basins for both the conservation engineering period (1971–1999)
and the reforestation period (2000–2014), human activities (73% and 76%, respectively) contributed more
than climate variability (27% and 24%, respectively) to average baseflow decline. However, climate
variability was the main factor altering the BFI, with the contribution accounting for about 54% and 76%,
respectively, for the two periods.

1. Introduction

Baseflow is the perennial flow portion of streamflow. In previous studies, the terminology usage is inconsis-
tent, with baseflow, low flow, and drought flow commonly used interchangeably to denote either the stream-
flow resulting from sustained subsurface inputs to the stream channel or the lowest annual streamflow
within a watershed or region (Price, 2011). In this study, baseflow is generally used to denote streamflow
fed from deep groundwater and from delayed shallow subsurface storage during and following precipitation
and snowmelt events. It is the interconnection between groundwater and surface water and plays an impor-
tant role in the health of river ecosystems (Ficklin et al., 2016). The quantity and quality of baseflow dis-
charged to streams are influenced by a combination of climate and basin characteristics. Over the past
century, rising global temperatures have led to a more energized hydrologic cycle, particularly in semiarid
regions due to the fragile nature of their eco‐hydrology (Seager et al., 2010; Yang, Jia, et al., 2019).
Semiarid regions cover about 15% of the Earth's land surface and support about 20% of the global population
(Huang et al., 2016); however, the water resources of these semiarid regions account for less than 2% of the
global total (Standish‐Lee et al., 2005). In these water‐limited areas, surface water flows are mainly supplied
by baseflow, making baseflow an extremely important low‐flow hydrologic characteristic. Therefore, under-
standing and quantifying the dynamic variations and contributions of baseflow to streamflow are critical for
ensuring appropriate water resource management (especially for drought conditions) and
environmental protection.

Baseflow is difficult to measure directly compared with surface runoff. Numerous baseflow separation
approaches have been developed in order to quantify the baseflow, including hydrograph separation
(HYSEP; e.g., slash separation method and recession curve analysis; Linsley et al., 1975; Tallaksen, 1995),
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numerical simulation (e.g., smoothed minima, HYSEP, and digital filtering methods; Nathan & McMahon,
1990), water balance (e.g., reservoir assumption and parameter separation methods; Harman & Sivapalan,
2009), and chemical mass balance HYSEP (Tetzlaff & Soulsby, 2008). Numerical simulations are currently
the most widely used methods to quantify baseflow, because the models are easy to operate, can avoid the
subjectivity and arbitrariness of a manual separation method, and are suitable for long‐term hydrologic ser-
ies (Xu et al., 2016). Mwakalila et al. (2002) used the baseflow index (BFI) method to examine the influence
of physical catchment properties on baseflow in these water‐limited environments; they showed that the
BFI, which is the ratio of baseflow volume to total streamflow volume, has a strong relationship with the
drainage density index. Ficklin et al. (2016) used the HYSEPmethod to separate baseflow and to characterize
the impacts of climatic change on trends in baseflow and stormflow in watersheds of the United States; con-
sistent trends in baseflow and stormflow were found, with increases during the fall and winter in the north-
east and decreases during all seasons in the southwest. Fan et al. (2013) applied digital filtering to separate
baseflow from streamflow and then to investigate the dynamics of baseflow in four headstreams of the Tarim
River Basin, China, from 1960 to 2007; the baseflow appeared to show obvious seasonal variation, the lowest
baseflow mainly occurring in winter and the largest baseflow in summer.

With increasing awareness of the importance of baseflow to stream dynamics, more research has focused on
baseflow response to climate variability and human activities (Ahiablame et al., 2017; Juckem et al., 2008; Li,
Liu, & Zhang, 2018). Baseflow is as an important replenishment resource for maintaining surface water in
semiarid areas. Understanding the individual effects that climate variability and human activities have on
changes in baseflow in these water‐limited semiarid basins will be beneficial for developing sustainable
water‐management strategies and providing a dependable water source for food production.

Xu et al. (2013) used climate elasticity and the residual method to assess the relative importance of climate
and land surface changes on baseflow variations at 55 unregulated watersheds in the Midwest of the United
States. Baseflow was found to have increased in 58% of watersheds, and land surface change contributed 2.7
times more to baseflow than climate change (74% ± 10% vs. 27% ± 10%, respectively). Christine et al. (2015)
used the conductivity mass balance in the Upper Colorado River Basin and showed that baseflow was posi-
tively correlated with precipitation, land surface slope, sandy soils content, and some land cover character-
istics, while Zomlot et al. (2015) used the digital filter method to show that variation in vegetation cover was
the main driver of the large spatial variation in baseflow in the northern part of Belgium.

However, most previous studies have only qualitatively analyzed the effects of climate variability and human
activities on baseflow variation; quantitative attributions of baseflow variation at the basin scale remain rare,
especially for semiarid basins. In addition, most previous studies generally employ only one method to sepa-
rate baseflow from streamflow, and this may lead to uncertainty within the final results. Because the true
values of baseflow are unknown, the method that gives the best estimates remains undetermined
(Eckhardt, 2008). Thus, multiple baseflow separation methods should be used simultaneously to reduce
the uncertainty of the results.

The Loess Plateau in China is a typical semiarid region with little precipitation and high potential evapotran-
spiration. It has been an important agricultural region in China for thousands of years and currently sup-
ports 114 million people or 8.5% of the country's total population (Kong et al., 2016). During the last
several decades, the Loess Plateau has undergone persistent climate warming and intensified human activ-
ities. In particular, the Grain for Green program, implemented in 1999, and large‐scale reforestation pro-
grams have led to obvious transformations of regional land use and land cover. Consequently, the
ongoing downward trend in streamflow in this region has been significant (Wu et al., 2017).

Previous studies in the region have mainly focused on the decline in surface runoff (Gao et al., 2016; Hu
et al., 2017; Liang et al., 2015), whereas research studies on the analysis and causes of baseflow variation
are rare. Therefore, the main objectives of this study are to (1) fully document regional patterns and variation
of baseflow based on multiple baseflow separation methods in 11 catchments of the Loess Plateau and (2)
quantify the relative influence of climate variability and human activities on baseflow. Our study is designed
to fill the gaps in our knowledge of baseflow variation and the causes of its variation within the Loess
Plateau. Our findings will contribute to the development of scientific water‐resource management strategies
and the restoration of the ecological balance of the Loess Plateau and at the same time provide a deeper
understanding of the hydrologic processes in semiarid basins.
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2. Study Area and Data Source

The Loess Plateau (35–41°N, 102–114°E) is located in the upper‐middle reaches of the Yellow River in north-
west China (Figure 1). It covers an area of about 640,000 km2, accounting for 6.6% of the total area of China
(Fu et al., 2011). The plateau is a typical semiarid region that is influenced by high‐intensity monsoon activ-
ity. The average annual temperature is approximately 9.0 °C, and the average annual precipitation is about
420 mm, which mainly falls from June to September (i.e., 60–70% of the total precipitation) in high‐intensity
storms. Due to the area's unique climatic features and increasingly intense human activities over the last five
decades, the streamflow has displayed a significant downward trend (Wu et al., 2017) and has resulted in the
area becoming one of the most water‐limited regions in China. In this study, we selected 11 primary basins
located in semiarid regions of the Loess Plateau that have strong climatic and land‐surface gradients; these
features were chosen to represent the combined effects of climatic and land‐surface factors. Details of these
11 basins and the long‐term hydro‐meteorological variables are shown in Table 1.

Daily streamflow data were collected from 1961 to 2014 for 11 hydrologic stations within the Loess Plateau
by the Yellow River Conservancy Commission. Daily precipitation and daily minimum and maximum

Figure 1. Geographic location of the 11 basins and respective hydro‐meteorological stations.

Table 1
Detailed Summary of the Hydrological Variables Associated With the 11 Loess Plateau Basins During the Period 1961–2014

Acronym Basin Hydrologic station Area (km2) P (mm) E (mm) Q (mm)

GSC Gushanchuan Gaoshiya 1,263 425.8 1,038.1 47.05
KY Kuye Wenjiachuan 8,515 400 1,006.1 57.85
TW Tuwei Gaojiachuan 3,253 405.1 1,013.9 95.12
WD Wuding Baijiachuan 29,662 379 1,047.4 36.1
QJ Qingjian Yanchuan 3,468 506.8 1,040.7 38.31
YH Yanhe Ganguyi 5,891 541.9 1,100.6 33.91
YL Yiluo Heishiguan 18,563 716 1,055.6 126.28
QS Qiushui Linjiaping 1,873 442.8 1,170.8 32.34
SC Sanchuan Houdacheng 4,104 553.1 962.2 50.51
FH Fenhe Hejin 38,728 512 1,059.4 21.99
XS Xinshui Daning 3,992 575.7 992.6 28.84

Note. P, E, and Q denote the annual mean precipitation, annual mean potential evapotranspiration, and annual mean
streamflow, respectively.
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temperatures in the same time period were obtained from the China Meteorological Data Sharing Service
System (http://data.cma.cn). Potential evapotranspiration was calculated by the Hargreaves and Samani
method (Hargreaves & Samani, 1985). Nearest neighbor interpolation and ArcMap software were used to
generate spatially averaged meteorological data across the entire study area.

3. Methodology
3.1. Baseflow Separation

A number of numerical simulation baseflow‐separation methods have been developed to estimate the base-
flow of streamflow. Although each of the methods is based on formalized algorithms for separating the base-
flow component of streamflow, the methods are subjective and not based on mathematical solutions to
groundwater‐flow or overland‐flow equations. As a consequence, it is beneficial to use more than one base-
flow separation method to analyze a streamflow record and then to compare the results of the different
methods. The U.S. Geological Survey (USGS) Groundwater Toolbox, which incorporates eight widely used
baseflow separation methods (Barlow et al., 2017), has been used to separate baseflow from total streamflow
(Ficklin et al., 2016; Partington et al., 2012). These methods include the Base‐Flow Index (BFI; standard and
modified; Nathan &McMahon, 1990; Wahl &Wahl, 1995), HYSEP (fixed interval, sliding interval, and local
minimum; Sloto & Crouse, 1996), PART method (Rutledge, 1998), the Soil and Water Assessment Tool
(SWAT) Bflow method (Arnold & Allen, 1999), and Eckhardt filter approaches (Eckhardt, 2005). The algo-
rithm details of each baseflow separation method are as follows:
3.1.1. BFI method
The BFI program (Wahl & Wahl, 1995) is based on a series of procedures developed by the Institute of
Hydrology and mimics two separation methods (i.e., the BFI‐standard method and BFI‐modified method).
It first partitions daily streamflow into intervals of length in N days. The minimum daily streamflow during
each N‐day interval is then identified and compared to adjacent minima to determine turning points. If the
minimum is multiplied by 0.9 (a turning point test factor that has no physical meaning) and is less than both
adjacent minima, then that minimum is a turning point. The baseflow hydrograph is then identified by con-
necting these turning points. In the BFI‐modified method, parameter f is replaced by a daily recession index
K, and the turning point test considers the actual number of days between turning point candidates.
3.1.2. HYSEP method
HYSEP is an automated baseflow separation computer program that mimics three separation methods (i.e.,
fixed interval, sliding interval, and local minimum). The three methods use different algorithms to deter-
mine the baseflow hydrograph between low points of the streamflow hydrograph. Surface runoff duration
is estimated from the empirical relation:

N ¼ A0:2; (1)

where N is the duration after which surface runoff ceases and A is the drainage area. The odd integer
between 3 and 11 nearest to 2N is selected as the interval to estimate the baseflow. In the fixed‐interval
method, the daily streamflow hydrograph is partitioned into nonintersecting intervals. The minimum dis-
charge in each interval is assigned to describe the baseflow over the entire interval. The sliding‐interval
method finds the lowest discharge in one‐half the interval minus 1 day. The local‐minimummethod detects
each day to determine if it is the lowest discharge in one‐half the interval minus 1 day. If it is, then it is a local
minimum and is connected by straight lines to adjacent local minima.
3.1.3. PART method
PART is a streamflow partitioning program developed by the USGS to estimate daily baseflow (Rutledge,
1998). It implements a characteristic response time in days, similar to the HYSEP method, which is a func-
tion of the drainage area of the basin (equation (1)). If daily streamflow values decrease for N or more days,
then the requirement of antecedent recession is met and it is assumed that baseflow is equal to streamflow
for these days. In addition, it performs a linear interpolation between each day in the record that meets this
requirement. However, the baseflow obtained by linear interpolation may be greater than the total stream-
flow, and thus, an error check is needed to ensure that baseflow never exceeds streamflow. The criterion for
streamflow to meet the antecedent recession requirement is that streamflow never decreases by more than
0.1 log cycle on days.
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3.1.4. The SWAT Bflow method
The Bflow program (Arnold & Allen, 1999) uses a method first proposed by Lyne and Hollick (1979). This
technique has no true physical basis; it is objective and reproducible. The equation of the filter is
expressed as

qt ¼ βqt−1 þ
1þ β
2

* Qt−Qt−1ð Þ: (2)

where qt is the filtered surface runoff at the t time step,Qt is the total streamflow, and β is the filter parameter
(0.925). The default value of 0.925 was determined by Nathan andMcMahon (1990). Thus, baseflow bt is esti-
mated as

bt ¼ Qt−qt: (3)

The filter is passed over the streamflow data three times (forward, backward, and forward), and in this study,
we used the result based on the first pass (forward).
3.1.5. Eckhardt filter method
The Eckhardt filter is a two‐parameter filter based on the assumption that aquifer outflow is linearly propor-
tional to storage. The method limits the maximum ratio of baseflow to streamflow and considers runoff to be
a nonnegligible low‐frequency component. The runoff component was initially proposed by Spongberg
(2000) and later supported by Eckhardt (2005), who described this as potentially beneficial. The equation
for this filter is expressed by Eckhardt (2005) as

bt ¼ 1−BFImaxð Þabt−1 þ 1−að ÞBFImaxQt

1−aBFImax
; (4)

where BFImax is the maximum value of the BFI and a is the baseflow recession constant. Previous studies
have generally used values ranging from 0.925 to 0.95 for a (Zhou et al., 2017); in this study, we used a value
of 0.925. Eckhardt (2005) suggests using a value of BFImax = 0.80 for perennial streams with porous aquifers,
0.50 for ephemeral streams with porous aquifers, and 0.25 for perennial streams with hard rock aquifers.

In this study, we first calculated the baseflow using eight methods based on these five types and then used
the median of the values calculated by these eight methods to indicate the baseflow. The BFI was calculated
as follows:

BFI ¼ Baseflow
Streamflow

; (5)

3.2. Attribution Analysis of Baseflow

The concept of elasticity (Schaake, 1990) has been used to evaluate the sensitivity of runoff to changes in cli-
mate. In this study, we used the elasticity approach to quantify the relative contributions of climate variabil-
ity and human activities to changes in baseflow. The climate elasticity of baseflow (ε) is defined as the ratio of
the baseflow variation (or BFI) rate to the variation rate of a certain climate factor (X, precipitation or poten-
tial evapotranspiration in this study) and is expressed as

ε ¼ ∂Qb=Qb

∂X=X
; (6)

where ε indicates the climate elasticity of baseflow, Qb indicates baseflow (or BFI), and X indicates precipita-
tion or potential evapotranspiration.

We used the least squares estimator to estimate climate elasticity of the annual baseflow (Zheng et al., 2009);
this is expressed as

ε ¼ X

Qb
∑ Xi−X
� � Qbi−Qb

� �
:

∑ Xi−X
� �2 ¼

ρXQCQ

CX
;

 
(7)

where Qb is annual baseflow (or BFI), X is the annual climate variables (precipitation and potential
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evapotranspiration in this study), X and Q are the multiyear annual mean climate variables and baseflow
values (or BFI), respectively, ρXQ is the correlation coefficient between climate variables and baseflow (or
BFI), and CX and CQ are coefficients of variation in climate variables and baseflow (or BFI), respectively.
To evaluate the relative contributions of climate variability and human activities on baseflow variation (or
BFI), the following steps were performed:

1. Calculation of climate elasticity ε. Based on the baseflow (or BFI) data for the entire period of record and
equation (7), climate elasticity (ε) with respect to precipitation (εP) and potential evapotranspiration (εE0)
was calculated for baseflow (or BFI).

2. Determination of a baseline period. Based on our previous work (Wu et al., 2017), the human‐designated
method was used to determine the baseline period, for which the anthropogenic influence was assumed
to be weaker during a preselected earlier period of time. Thus, in this study, the period 1961–1970 was
selected as the baseline period (Miao et al., 2011; Zhang et al., 2016). Next, based on the development
of soil and water conservation measures across the Loess Plateau, the period 1971–1999 was designated
the conservation engineering period during which many soil and water conservation engineering projects
were implemented (Gao et al., 2016; Zhang et al., 2011). The Grain for Green program was implemented
after 1999, and the period 2000–2014 was designated the reforestation period (Fu et al., 2017).

3. Based on equation (6), the climate‐induced baseflow (or BFI) variation in the conservation engineering
period (or reforestation period) relative to the baseline period was calculated as follows:

ΔQclimate
b ¼ εPΔP=P þ εE0ΔE0=E0ð ÞQb; (8)

whereΔQclimate
b is the change in the annual mean baseflow (or BFI) caused by climate variability;ΔP and ΔE0

are changes in precipitation and potential evapotranspiration, respectively; and P, E0, and Qb are long‐term
mean values of precipitation, potential evapotranspiration, and baseflow (or BFI) during the baseline period,
respectively. Therefore, the change in the annual mean baseflow (or BFI) caused by human activities
ΔQhuman

b

� �
can be calculated as

ΔQhuman
b ¼ ΔQb−ΔQ

climate
b (9)

where ΔQb indicates the change in baseflow (or BFI). Thus, the percentage contribution of climate‐induced
(Pc) and human‐activity‐induced (Ph) baseflow (or BFI) changes can be calculated as follows:

Pc ¼ ΔQclimate
b

ΔQclimate
b

���
���þ ΔQhuman

b

���
���
×100% and Ph ¼ ΔQhuman

b

ΔQclimate
b

���
���þ ΔQhuman

b

���
���
×100%; (10)

3.3. Estimation of the Dynamic n at the Catchment Scale

Determination of dynamic (temporally changing) n in Budyko‐based Choudhury equation (EP ¼ E0=P

1þ E0=Pð Þnð Þ1=n;

Choudhury, 1999) which is popularly used in studies of the Loess Plateau (Liang et al., 2015; Liu et al., 2017),
is very important and greatly affects the applicability of Budyko hypothesis (Budyko, 1974). Parameter n in
Choudhury equation represents the interactions between climate and land surface properties. Variations in
climate (e.g., seasonality and storm) and basin characteristics (e.g., slope, land use change, and engineering
construction), which play important roles in water energy balance (Berghuijs et al., 2017; Liang et al., 2015),
could cause temporal changes in n. Therefore, using dynamic (temporally changing) n, could reflect chan-
ging interactions between climate and basin characteristics. In the original Budyko framework, which
was deduced for long time scales, and water storage changes can be negligible based on the water balance
equation (Yang et al., 2008; Zhou et al., 2015). However, for shorter periods, water storage change becomes
important in the water balance. Thus, Choudhury equation can be rewritten as

E
P−ΔS

¼ E0= P−ΔSð Þ
1þ E0

P−ΔS

� �n� �1=n (11)

whereΔS denotes the water storage change. At present, long‐termΔS data are not regularly available. In this
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case, we use a relatively prolonged moving windows approach (5 years) to calculate the dynamic n at the
basin scale, and thus, ΔS could be negligible compared to other hydrologic variables (i.e., precipitation,
potential evapotranspiration, and runoff). The parameter n at year 1963 was calculated using mean annual
precipitation, potential evapotranspiration, and runoff during the period 1961–1965; the parameter n at year
1964 was calculated using the mean annual precipitation, potential evapotranspiration, and runoff during
the period 1962–1966. Therefore, with a 54‐year coverage of the input data (1961–2014), a total of 50 n values
(1963–2012) could be obtained.

3.4. Statistical Analyses

The Mann‐Kendall nonparametric trend test (Kendall, 1975) was used to detect trends and trend signifi-
cance of hydro‐climatologic variables at annual and seasonal scales from 1961 to 2014 (spring, March to
May; summer, June to August; autumn, September to November; and winter, December to February).
The autocorrelation in the time series was first removed based on the methods proposed by Yue et al.
(2002). The detailed process can be found in Wu, Miao, Tang, et al. (2018) and Wu, Miao, Zheng, et al.
(2018). Positive values of the Mann‐Kendall statistic Z indicate an upward trend over time, whereas negative
values indicate a downward trend. We considered trends with p < 0.05 as significant at the 95% confidence
level and trends with p < 0.01 as significant at the 99% confidence level.

4. Results and Discussion
4.1. Baseflow Separation

Comparisons of eight baseflow separation methods and the median series at monthly and annual scales for
11 basins on the Loess Plateau from 1961 to 2014 are shown in Figure 2. At both the monthly scale and
annual scale, the results of eight baseflow separation methods were generally consistent, especially in the
Tuwei, Yiluo, Sanchuan, and Fenhe basins where the streamflow was high compared to other basins on
the Loess Plateau and for all basins during the low‐flow period. However, peak maxima and duration for
Bflow and Eckhardt filter methods were higher than the other methods in the basin without ample stream-
flow (Gushanchuan, Kuye, Wuding, Qingjian, Yanhe, and Qiushui). We suggest that in the semiarid basins
with a lower runoff coefficient, many short‐duration high‐intensity precipitation events lead to a runoff yield
that is mostly excess infiltration that does not extend to the groundwater (i.e., lower groundwater runoff
coefficient), and the flood hydrograph is fine lines with short duration (Xu et al., 2011). For all baseflow
separation methods used in this study except Bflow and Eckhardt filter methods, determined the baseflow
based on the minimum streamflow within fixed time slots. Overall, compared the different separation prin-
ciple, special climatic conditions, and geological conditions, the baseflow based on these two methods (i.e.,
Bflow and Eckhardt filter methods) could be greater compared to the other methods in the high‐flow season.
In order to reduce the uncertainty in the period of peak value in these eight baseflow separation methods,
the median series of these eight methods was selected as the dependable baseflow value.

4.2. Temporal‐Spatial Variations in Baseflow and BFI
4.2.1. Variations in Baseflow at Various Time Scales
Seasonal and annual temporal‐spatial baseflow variations during the period 1961–2014 are presented in
Figure 3 and Table 2. Mann‐Kendall trend analysis of annual baseflow showed a statistically significant
downward trend (p < 0.01) in all 11 basins except Qingjian (Z= 0.54) and Yanhe (Z=−0.34), with the great-
est downward trend in Tuwei (Z = −7.9). The annual mean baseflow storage varied among the 11 basins,
with the highest average baseflow storage in Yiluo (5.95) and the lowest in Qiushui (0.85). In addition, the
annual mean baseflow storage was, in general, greatest during the period 1961–1970 and lowest between
2001 and 2014 (Figure 4). Several factors have most likely contributed to the low levels seen since 2001.
Over the last five decades, potential evapotranspiration has increasingly trended upward on the Loess
Plateau (Wu et al., 2017). In addition, although precipitation has not significantly declined, extreme precipi-
tation events have significantly increased (Sun et al., 2015). Because the Loess Plateau typically experiences
runoff being generated over the infiltration area (Liu et al., 2012), with the increase in extreme precipitation
events, less water has infiltrated into deep soil (Yang, Wang, et al., 2019), leading to lower baseflow storage.
Furthermore, with intensifying human activities, water demand and depletion have increased and ground-
water levels have decreased. This combination of events led to the smallest annual mean baseflow storage
from 2001 to 2014. For the seasonal baseflow, most basins exhibited significant (p < 0.05 or p < 0.01)
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downward trends in all seasons (Figure 3). In contrast, Yanhe and Qingjian basins showed insignificant
changes during spring and autumn and an increasing trend in summer (Figure 3b) and winter
(Figure 3d). In general, baseflow storage was greater in autumn and spring for almost all basins (Table 2).

We also investigated the long‐term monthly baseflow storage from 1961 to 2014 (Figure 5) and identified a
bimodal trend in the baseflow for all basins except Yiluo and Fenhe, with one peak value in March and one
peak value in October (or September). The second peak baseflow value undoubtedly results from the preci-
pitation primarily occurring between June and September (Figure 5) that eventually (by October) becomes
part of the baseflow. Baseflow is derived from the drainage of near‐surface valley soils and riparian zones,
and water concentrates in these areas during and following precipitation events (Brutsaert, 2005).
Furthermore, precipitation can seep into the soil to replenish shallow unsaturated storage and then

Figure 2. Comparison of eight baseflow separationmethods and themedian series at seasonal (upper) and annual (lower)
scales in 11 basins on the Loess Plateau during the period 1961–2014.
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sustain the river channel transmitted from it (Ward & Robinson, 1990). We suggest that the March peak is
mainly due to snowmelt because most precipitation during the winter falls as snow, which becomes
snowmelt as temperatures rise in late winter/early spring (Wang et al., 2013). In addition, during this part
of the year, the demand for irrigation is low and evapotranspiration is relatively weak, which both lead to
relatively low water consumption. However, for the Yiluo and Fenhe basins, which did not have a peak in
March, we suggest that temperature and land use are the major reasons for the lack of a March peak. As
shown in Figure S2 in the supporting information, the average monthly temperature in winter was
around 0 °C in the Yiluo basin, the highest value across all basins on the Loess Plateau. Furthermore,

Figure 3. Spatial patterns of the Mann‐Kendall trend test for seasonal baseflow in 11 basins of the Loess Plateau during
the period 1961–2014.

Table 2
Mann‐Kendall Test and Multiyear Average Baseflow at Seasonal and Annual Scales for 11 Basins of the Loess Plateau During 1961–2014

Basin

Baseflow Z value Mean baseflow (mm)

MAM JJA SON DJF Annual MAM JJA SON DJF Annual

GSC −7.39** −3.32** −4.77** −3.01** −6.23** 1.5 0.82 1.36 0.3 1
KY −6.91** −4.43** −5.36** −4.01** −6.38** 2.4 1.11 2.56 1.28 1.84
TW −7.27* −7.16* −7.03* −4.36* −7.9** 6.3 4.47 6.7 5.67 5.78
WD −7.63** −6.33** −6.55** −4.68** −7.72** 1.87 0.97 2.15 1.8 1.7
QJ −0.87 1.4 −0.13 1.5 0.54 1.37 1.07 1.66 0.95 1.27
YH −0.22 −0.73 −1.32 4.56** −0.34 1.35 0.89 1.55 0.89 1.17
YL −2.1* −1.39 −3.26** −3.1** −2.82** 4.27 5.87 9 4.65 5.95
QS −3.93** −1.57 −2.4* −3.27** −3.68** 0.75 0.81 1.26 0.56 0.85
SC −5.28** −4** −4.83** −5.37** −5.45** 2.55 2.91 3.71 2.32 2.87
FH −3.99** −3.13** −4.3** −5.67** −5.02** 0.52 0.93 1.66 0.92 1.01
XS −1.86 −3.14** −2.99** −2.95** −3.65** 0.87 1.01 1.69 1 1.09

Note. March‐April‐May (MAM), June‐July‐August (JJA), September‐October‐November (SON), and December‐January‐February (DJF) are spring, summer,
autumn, and winter, respectively. Basin acronyms are listed in Table 1. BFI, baseflow index.
**Significance at the 99% level. *Significance at the 95% level.
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Wu, Miao, Tang, et al. (2018) and Wu, Miao, Zheng, et al. (2018) showed that the area of farmland is much
higher in the Yiluo and Fenhe basins than in other basins, with the main crops being winter wheat and
spring corn (Li, Wei, et al., 2018). Thus, more water is needed for crop irrigation at this time of year in
these basins, leading to lower baseflow during this period.
4.2.2. Variations in BFI at Various Time Scales
The temporal‐spatial analysis of seasonal and annual BFI variation from the 1961 to 2014 is presented in
Figure 6 and Table 3. Upward trends were identified in nine basins, with Qingjian (Z = 3.95) showing the

Figure 4. Annual mean baseflow and baseflow index (BFI) from 1961 to 2014 in 11 basins of the Loess Plateau. Acronyms
on the x axis are listed in Table 1.

Figure 5. Multiannual monthly average precipitation and baseflow in 11 basins of the Loess Plateau during the period
1961–2014. Acronyms are listed in Table 1.
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greatest upward trend (p < 0.01). In addition, the BFI was greater than 0.6 in the Tuwei, Wuding, and
Sanchuan basins, with the highest BFI in Tuwei (0.73), indicating that streamflow in these basins is mainly
supplied by baseflow. We attribute this large baseflow to the relatively large grassland and wind‐sand areas
that are characterized by a flat terrain and better vegetation cover, both of which are conducive to ground-
water recharge (Qian et al., 2004). Thus, in these basins, groundwater resources are abundant, the water
table is shallow, and the amount of water supplied to the river is large. However, basins with a lower BFI
(e.g., Gushanchuan, Qiushui, and Sanchuan) generally are loess hilly areas, with incised gullies and satisfac-
tory drainage conditions; these basins have a limited contribution to groundwater storage but are beneficial
in forming surface runoff (Li et al., 2017).

We also investigated the annual mean BFI from 1961 to 1970, 1971 to 1999, and 2000 to 2014 (Figure 4). In
contrast to baseflow, the annual mean BFI during the period 2000–2014 was greatest in all basins except
Tuwei, Wuding, and Fenhe. We attribute this to the implementation of the Grain for Green program, which
increased vegetation coverage, and resulted in a series of ecological effects, such as reduced surface runoff
and enhanced precipitation infiltration. Increasing vegetation land cover is suggested to have decreased
the water yield (1–48 mm/year) in about 38% of the Loess Plateau (Feng et al., 2012). Feng et al. (2010) found
the permeation performance of most tree species exceeded that of natural grassland, and some species (i.e.,
sea‐buckthorn and caragana) far exceeded the average level. In addition, vegetation can also change the soil
structure and fortify soil permeability. Moreover and more important, during the period 2000–2014, the
water consumption and evaporation are the greatest; the excessive water consumption and intense evapora-
tion further reduce more surface runoff. In short, although streamflow significantly decreased, more water
seeped into the soil and more surface runoff were consumed and evaporated, resulting in a relatively
larger BFI.

Figure 6. Spatial patterns of Mann‐Kendall trends for seasonal baseflow index (BFI) in 11 basins of the Loess Plateau during the period 1961–2014.

10.1029/2018JD029775Journal of Geophysical Research: Atmospheres

WU ET AL. 3694



Trends in all basins for the seasonal BFIwere more mixed and showed obvious spatial differences (Figure 6).
In general, the BFI trended upward in all seasons for most basins except the Fenhe basin, which showed a
downward trend during all seasons. In addition, the change to BFI was most significant in winter for all
11 basins. The relatively larger mean BFI in winter and spring indicates that baseflow is an important
resource for maintaining streamflow in the dry season on the Loess Plateau (Table 3).

At the various time scales, therefore, the baseflow in all basins except Yanhe and Qingjian declined during
the last five decades, whereas the BFI exhibited upward trends in most basins (Table 2 and Table 3).
Although baseflow and observed streamflow decreased, basin characteristics were more conducive to water
seepage into the ground, and compared to the decline in baseflow, the decline in surface runoff was
more severe.

4.3. Climate Elasticity Coefficient and Dynamic n at the Basin Scale

The mean climate elasticity coefficients of baseflow and BFI to precipitation and potential evapotranspira-
tion at 11 basins during the period 1961–2014 are shown in Figure 7 and Table 4. For the baseflow, the multi-
year mean εp (ranging from 0.14 [Tuwei] to 2.46 [Fenhe]) and εE0 (ranging from −2.56 [Qingjian] to −13.22
[Fenhe]) for the 11 basins were 1.22 and −7.43, respectively. This indicates that a 1% increase in multiyear
mean precipitation (or multiyear mean potential evapotranspiration) would increase baseflow by 1.22% (or
decrease baseflow by 7.43%). Climate elasticity of potential evapotranspiration was greater than that of pre-
cipitation, indicating a higher impact from potential evapotranspiration to baseflow variation than from pre-
cipitation. This is in contrast to their effect on surface runoff based on previous findings (Liang et al., 2015)
that showed surface runoff variation was most sensitive to variations in precipitation (Berghuijs et al., 2017).
Similarly, the BFI variations were most sensitive to variations in potential evapotranspiration; a 1% increase
in multiyear mean potential evapotranspiration (or multiyear mean precipitation) would increase BFI varia-
tion by 1.66% (or decrease BFI variation by 0.22%; Table 4). We suggest that this is because potential evapo-
transpiration can reduce more runoff than baseflow and because implementation of soil and water
conservation measures and reforestation have resulted in a more permeable soil (i.e., increased water
seepage).

We estimated dynamic parameter n over the study period based on long‐term mean annual runoff, precipi-
tation, and potential evapotranspiration data (Table 4 and Figure S1). A higher n denotes higher actual eva-
potranspiration and lower runoff for a given precipitation and potential evapotranspiration (Liang et al.,
2015). All basins except Yiluo showed upward trends, especially during the reforestation period (2000–
2014), possibly because the implementation of the Grain for Green program changed the underlying surface
properties of the basin (Hu et al., 2017). In addition, all basins except Yanhe showed steep increases during
these three time periods (Table 4). Liang et al. (2015) found parameter n to have a positive relationship with

Table 3
Mann‐Kendall Test and Multiyear Average BFI at Seasonal and Annual Scales for 11 Basins on the Loess Plateau From 1961 to 2014

Basin

BFI Z value Mean BFI

MAM JJA SON DJF Annual MAM JJA SON DJF Annual

GSC 3.29** 0.18 −0.16 4.55** 1.1 0.65 0.11 0.54 0.71 0.31
KY 0.56 −0.79 −1.22 1.1 1.5 0.57 0.15 0.61 0.72 0.42
TW 1.07 −2.36* 0.24 4.56** 1.12 0.81 0.5 0.81 0.85 0.73
WD −1.84 −2.69** −1.61 2.39* −0.75 0.7 0.29 0.72 0.78 0.61
QJ 4.86** 3.46** 3.16** 5.63** 3.95** 0.7 0.2 0.62 0.82 0.43
YH 1.36 2.33* 1.58 4.8** 3.57** 0.65 0.18 0.6 0.77 0.42
YL 1.34 3.13* 0.37 −5.55** 0.96 0.63 0.45 0.63 0.81 0.58
QS 4.19** 2.02* 2.74** 3.39** 3.75** 0.6 0.13 0.6 0.8 0.33
SC 3.46** 3.94** −0.54 5.42** 2.75** 0.86 0.48 0.8 0.93 0.7
FH −4.43** −0.39 −1.2 −2.35* −0.93 0.49 0.33 0.64 0.75 0.55
XS 4.76** 2.41* 2.88** 6** 3.57** 0.72 0.25 0.65 0.84 0.49

Note. March‐April‐May (MAM), June‐July‐August (JJA), September‐October‐November (SON), and December‐January‐February (DJF) mean spring, summer,
autumn, and winter, respectively. Acronyms are listed in Table 1. BFI, baseflow index.
**Significance at the 99% level. *Significance at the 95% level.

10.1029/2018JD029775Journal of Geophysical Research: Atmospheres

WU ET AL. 3695



the percentage of affected area in the basin; this affected area has continued to increase during the last five
decades, especially for slope measures. Moreover, the basin characteristics in Qiushui and Yiluo (or
Gushanchuan and Kuye) changed the most, while the basin characteristics in Qingjian and Yanhe (or
Yanhe and Yiluo) were not in evident for conservation engineering period (or for reforestation period;
Table 4). We also investigated the relationship between parameter n and baseflow (Figure 8) and found a
significant (p < 0.01) negative correlation between baseflow and parameter n in all basins except Yanhe,
for which the correlation was positive (p < 0.05). Moreover, the negative correlations were stronger than
that of the one basin with a positive relationship. Therefore, in general, an increase in parameter n could
result in reduced baseflow for most area of the Loess Plateau.

4.4. Attribution of Baseflow and BFI Variations

The relative contributions of climate variability and human activities to the decline in baseflow and BFI for
the 11 study basins during the period 1961–2014 are shown in Figure 9. On average, human activities (73%
and 76%) contributed more than climate variability (27% and 24%) to the baseflow decline for both the con-
servation engineering period (1971–1999) and the reforestation period (2000–2014), respectively. In nine
basins (Gushanchuan, Kuye, Tuwei, Wuding, Yiluo, Qiushui, Sanchuan, Fenhe, and Xinshui), both climate
variability and human activities caused a reduction in baseflow during the conservation engineering period

Figure 7. Climate elasticity coefficient to baseflow and baseflow index (BFI) in 11 basins of the Loess Plateau during the
period 1961–2014. Acronyms on the y axis are listed in Table 1.

Table 4
Climate Elasticity Coefficient and Dynamic n at Basin Scales for 11 Basins on the Loess Plateau From 1961 to 2014

Basin

Elasticity to baseflow Elasticity to BFI Dynamic n value

εp εE0 εp εE0 BP CEP RFP

GSC 1.37 −13.07 −0.49 3.58 1.45 1.62 2.55
KY 0.71 −8.16 −0.47 2.28 1.26 1.39 2.16
TW 0.14 −3.02 −0.28 1.25 1.05 1.12 1.49
WD 0.34 −5.62 −0.24 0.06 1.65 1.74 2.03
QJ 0.42 −2.56 −0.44 1.29 2.07 2.06 2.41
YH 0.94 −2.9 −0.24 1.72 2.32 2.26 2.58
YL 2.45 −10.95 −0.29 0.65 1.61 2.11 2.26
QS 1.8 −9.41 −0.1 2.88 1.96 2.53 3.36
SC 0.78 −5.74 −0.39 1.74 1.88 2.22 2.80
FH 2.46 −13.22 −0.17 0.35 2.28 2.96 3.47
XS 1.98 −7.1 −0.41 2.5 2.66 2.84 3.37

Note. BF, CEP, and RFP denote the baseline period (1961–1970), “conservation engineering period” (1971–1999), and
“reforestation period” (2000–2014), respectively
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and reforestation period, and human activities were identified as the major factor leading to the negative
trends in the baseflow. In two basins (Qingjian and Yanhe), climate variability and human activities had
opposing effects on baseflow variation, with climate variability reducing the baseflow and human activities
increasing it. Furthermore, human activities had a greater impact on basins located in the northern and
southern parts of the Loess Plateau, while climate variability played a major role in baseflow decline in
the basins of the central plateau (Qingjian, Yanhe and Qiushui). Similar findings have been reported for
the runoff (Liang et al., 2015).

The effect of climate variability (average 54%) on BFI variation was greater than the effect of human activities
(−46%) during the conservation engineering period (Figure 9b), whereas they had the opposite effect. In
eight basins (Gushanchuan, Kuye, Tuwei, Wuding, Yiluo, Qiushui, Fenhe, and Xinshui), climate variability
increased the BFI, while human activities decreased it. In three basins (Qingjian, Yanhe, and Sanchuan),
both climate variability and human activities increased the BFI value. During the reforestation period, the
effect of climate variability (76%) on BFI variation was much greater than the effect of human activities
(24%). On average, however, both climate variability and human activities could increase the BFI. For both
the conservation engineering period and the reforestation period, climate variability increased the BFI in all
basins, while human activities led to the opposite effects except for basins in the central area of the Loess
Plateau (Qingjian and Yanhe). In general, for both baseflow and BFI, climate variability could lead to con-
sistent variation in the 11 basins, whereas the effects of human activities in these basins varied.

Figure 8. Relationship between baseflow and parameter n in 11 basins of the Loess Plateau. Acronyms are listed in
Table 1.
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4.5. Underlying Explanation of Baseflow Variation

During the last five decades, the Loess Plateau (a representative semiarid region in China) has experienced
an ongoing decline in runoff and a continuously decreasing trend in baseflow. Because the baseflow of the
Loess Plateau accounts for a large proportion of total streamflow, ongoing decreases in baseflow can lead to a
series of negative ecological effects, for example, exacerbating decreasing water levels in the Yellow River,
which then leads to degraded river habitats, reduced lake area, and degeneration of epigenetic vegetation
(Wang et al., 2008). Our findings showed human activities to be the major cause of reduced baseflow.
These activities are principally the following: (1) excessive exploitation of groundwater, leading to a reduced
lateral discharge of groundwater, that reduces the baseflow (Wang et al., 2006); (2) overgrazing, which
reduces the baseflow by changing the underlying surface characteristics, which in turn induce a decrease
in soil water retention capacity and water storage capacity and a change in the soil vegetation that signifi-
cantly reduces the conservation function of the ground water resources (Hou et al., 2001), and the mining
exploitation that can destroy the aquifer and result in loss of groundwater resources; and (3) excessive affor-
estation through large‐scale soil and water conservation measures, such as the Grain for Green program,
which has altered the hydrologic cycle with increased vegetation cover leading to increasing rates of actual
evapotranspiration that intensifies soil desiccation (Zhang et al., 2018) and eventually reduces the baseflow.
In general, however, groundwater exploitation has been the most active and principal driving factor to
decrease the baseflow (Wang et al., 2008). In addition, climate variability is an indispensable factor driving
reduced baseflow. The ongoing decreases in precipitation reduce the baseflow via decreased infiltration.
Moreover, precipitation patterns have changed, with an increase in the frequency of high‐intensity and
extreme rainfall events. These lead to infiltration excess mode (Sun et al., 2015) and a consequent reduction
in overall infiltration. Furthermore, increasing evapotranspiration rates resulting from higher temperatures
can also reduce the baseflow. All of these climatic factors acting in concert have contributed to the dimin-
ished baseflow on the Loess Plateau.

Our study helps fill the gaps in our knowledge of baseflow variation and the causes of its variation in the
Loess Plateau. Our findings will help policy makers implement reasonable water resources management
policies and also provide valuable information for baseflow research in other semiarid regions all over
the world.

Figure 9. Relative contributions of climate variability and human activities to baseflow and baseflow index (BFI) variation
in 11 basins of the Loess Plateau. Acronyms on the x axis are listed in Table 1.
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5. Conclusion

Baseflow is a critical freshwater dry‐season resource that plays an important role in the formation, mainte-
nance, and recycle of runoff. It is important for maintaining river health, especially in water‐limited semi-
arid environments. In this study, the Loess Plateau was selected as a representative semiarid region to
assess the impacts of climate variability and human activities on baseflow variation.

Our major findings are as follows:

1. The eight studied baseflow separation methods were found to provide consistent results during the low‐
flow period at both monthly and annual time scales. Some differences were apparent in the peak value of
baseflow, with the results of the Bflow and Eckhardt filter methods providing higher values than those of
the other methods.

2. The baseflow storage of all basins except Yanhe and Qingjian at the various time scales have declined
over the last five decades, whereas the BFI has exhibited upward trends in most basins. In addition,
the baseflow has contributed greatly to total streamflow on the Loess Plateau.

3. Both baseflow and BFI variations were more sensitive to variations in potential evapotranspiration than
precipitation. A 1% increase in precipitation would result in 1.22% increase in baseflow and 0.22%
decrease in BFI, whereas a 1% increase in potential evapotranspiration would result in a 7.43% decrease
in baseflow and 1.66% increase in BFI. The parameter n showed an upward trend over the study period;
an increasing n suggests that baseflow storage could decrease for most of the Loess Plateau.

4. Human activities have played the dominant role in baseflow variation, whereas climate variability has
been the main factor to alter the BFI. Human activities contributed more to baseflow decline on average
for both the conservation engineering period (73%), which extended from 1971 to 1999, and the refores-
tation period (76%), which was from 2000 to 2014. The contributions of climate variability and human
activities to BFI variations during the conservation engineering period were 54% and −46%, respectively,
and were 76% and 24%, respectively during the reforestation period.
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