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Understanding the runoff generation response to environmental changes at the basin scale can provide insights
into the evolution of hydrological processes. The objective of this study is to detect and attribute the changes in
surface and subsurface runoff in the Chinese Loess Plateau, a region with significant environmental and hy-
drological changes in the past several decades, to understand how and to what extent the runoff generation can

Iéi};lt?frdzneraﬁon be changed. Taking 13 basins (comprising 56 hydrological stations) on the Chinese Loess Plateau as the study
SCS-CNg area, we identified rainfall-runoff events and established indicators (event surface runoff coefficient, event
Spatiotemporal variation timescale, normalized event peak discharge, baseflow, and baseflow index) to characterize the runoff generation,
Revegetation and further attributed the changes in runoff generation characteristics before (1961-2000) and after

(2001-2019) the revegetation project. In particular, we inversely estimated the parameters of Soil Conservation
Service Curve Number (SCS-CN) to analyze the initial abstraction and potential maximum retention under
changing environment. Surface and subsurface runoff significantly decreased, with the surface runoff coefficient
and baseflow decreasing by 34 % + 24 % and 26 % + 23 %, respectively. The surface runoff hydrograph became
flatter with a 75 % decrease in the normalized event peak discharge and 82 % increase in the timescale of surface
runoff, respectively. Normalized Difference Vegetation Index (32 %) and population (34 %) dominated the in-
crease in the potential maximum retention, with 84 % of stations experiencing growth exceeding 100 %. The
reduction in surface runoff can be primarily attributed to the enhanced soil infiltration due to revegetation and
other human activities. Higher evapotranspiration resulting from revegetation was likely the dominant factor
leading to the decrease in subsurface runoff. This study detailed the impacts of revegetation on surface and
subsurface runoff generation, which can enhance our understanding of hydrological changes.

Attribution analysis

1. Introduction

Unprecedented changes in global runoff generation have occurred
due to intense disturbances from natural landscapes and human activ-
ities (Mankin et al., 2019, Yang et al., 2022, Yin et al., 2018, Zhou et al.,
2023). Particularly, in recent decades, global greening has accelerated at
a rate of 2.3 % increase in leaf area per decade, driven by efforts to
protect ecosystems (Chen et al., 2019). Significant reductions in runoff
have been observed in large-scale vegetation restoration areas such as
northern China, southeastern United States, and Eastern Europe, with
vegetation changes contributing 36.5 % to runoff reduction (Chen et al.,
2021). The significant changes in vegetation have led to notable fluc-
tuations in global surface and subsurface runoff generation (Liu et al.,
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2023, Luo et al., 2020). It is thus crucial to understand the changes in
runoff generation characteristics under vegetation restoration to inform
the sustainable usage and development of water resources.

Various factors across all compartments of the environment affect
runoff generation, such as climate factors in the atmosphere, vegetation
cover on the land surface, and soil properties in the unsaturated zone.
Precipitation dominates the process of runoff generation, while evapo-
transpiration and soil moisture can modify the redistribution of pre-
cipitation (Kool et al., 2014, McColl et al., 2017, Sun et al., 2018).
Vegetation has a complex influence on runoff generation. Different
vegetation types intercept precipitation within the range of 9 % to 43 %
under various climate conditions (Arnell, 2014). The growth and
decomposition of vegetation root systems reduce soil bulk density,
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increase soil porosity, and facilitate precipitation infiltration into the
soil (Qiu et al., 2022). However, it has been estimated that most
(approximately 70 %) of the water for vegetation transpiration is
sourced from the current-month precipitation stored in the surface soil,
and is responsible for returning about 39 % + 10 % of the precipitation
back to the atmosphere, while 18 % comes from past precipitation stored
in the deep soil (Ellison et al., 2017, Miguez-Macho and Fan, 2021, Tang
et al., 2023). Therefore, vegetation restoration profoundly influences
the hydrological cycle through its complex interactions with soil mois-
ture, evapotranspiration, and precipitation. Additionally, environ-
mental factors collectively affect runoff generation, but the contribution
of each factor to the overall effects remains unclear.

To study the effects of the various environmental factors on runoff
generation, appropriate quantitative indicators of runoff generation
must be used. Runoff generation encompasses surface and subsurface
runoff generation. Subsurface runoff generation can be reflected
through baseflow and the baseflow index (BFI, the ratio of baseflow to
streamflow) (Wu et al., 2021, Yan et al., 2023). Surface runoff coeffi-
cient, which characterizes the proportion of surface runoff to precipi-
tation, reflects surface runoff generation (Birkinshaw et al., 2021, Jin
et al., 2020). Peak flow is crucial for determining the scale and fre-
quency of floods generated by rainfall events (Yan et al., 2020). The
duration of floods and the shape of the hydrograph are the complex
results of many interacting factors in the runoff generation process and
are important runoff generation characteristics (Linsley et al., 1975).
Therefore, the surface runoff timescale (Ts, the ratio of flood volume to
peak discharge) has been introduced to measure the duration and
propagation of the hydrograph (Gaal et al., 2012). The above indicators
collectively, rather than individually, help provide a comprehensive
understanding of regional runoff generation characteristics (Zheng
et al., 2023). However, these commonly used indicators alone do not
provide sufficient insight into the underlying physical mechanisms,
which are important for understanding mechanisms of the hydrological
cycle (Li et al., 2017).

The Soil Conservation Service-Curve Number (SCS-CN) is an
important tool in studying runoff responses based on storm events due to
its simplicity, ease of application, and robustness (Mishra and Singh,
2013). Its parameters may be used to link observed hydrological runoff
behavior with the physical characteristics of the regional climates and
watersheds (Mahmood et al., 2020, Merz and Bloschl, 2009). The key
parameters, including Curve Number (CN), initial loss (I;), and potential
maximum retention of the basin (S), can account for most of the relevant
factors that determine hydrological conditions and runoff generation in
the region, such as soil type, land use, hydrological conditions, and
antecedent moisture conditions (Li et al., 2023, Shi et al., 2009, Verma
et al., 2020). Natural factors and human activities induce changes in
regional hydrological conditions and thereby result in changes to these
parameters (Gao et al., 2012, Lin et al., 2014). Hence, identifying the key
controlling environmental factors affecting these parameters enables
direct evaluation of the causative processes that link anthropogenic and
non-anthropogenic activities to changes in runoff generation.

The Chinese Loess Plateau (CLP) is the region with significant hy-
drological and environmental changes in the past several decades. The
Grain for Green Project, initiated since the 20th century, has led to a
rapid increase in forestland area, with vegetation coverage on the CLP
rising from 31.6 % in 1999 to 65 % in 2017 (Chen, 2019). Before and
after vegetation restoration, the runoff coefficient in 87 % of basins in
the CLP decreased, with an average reduction of 0.033 (Miao et al.,
2020). The runoff coefficient in grassland catchments is approximately
ten times higher than that in forested catchments, indicating a strong
inhibitory effect of afforestation on storm runoff (Jin et al., 2020).
Baseflow from groundwater discharge constitutes approximately 64 %
of the streamflow, jointly dominating the regional hydrological cycle
along with surface runoff (Yan et al., 2023). However, groundwater
recharge decreased by 38 % + 15 % at 68 % of the stations, with
vegetation directly and indirectly contributing 58 % (Yan et al., 2024).
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With ongoing vegetation restoration, groundwater storage has signifi-
cantly decreased, leading to an increase in groundwater drought area
and intensity (Gao et al., 2015, Han et al., 2020). The vegetation
restoration in the CLP has pushed water resources to the brink of sus-
tainability (Feng et al., 2016, Huang, 2019, Shi et al., 2021). The
response of the various hydrological elements to the drastic environ-
mental changes occurring here has been extensively studied (Wu et al.,
2020, Yang et al., 2021). However, a comprehensive understanding of
the physical mechanisms driving the changes in surface and subsurface
runoff generation has not yet been obtained.

The overall objective of this study is to comprehensively interpret the
underlying reasons for surface and subsurface runoff generation changes
based on SCS-CN model parameters estimated with data of rainfall-
runoff events. Specifically, we will (i) analyze the spatiotemporal vari-
ations in runoff generation characteristic values across 13 basins and 56
hydrological stations, (ii) inversely estimate the key parameters Ia, S,
and CN of the SCS-CN model from data of rainfall-runoff events and
analyze their spatiotemporal variations, and (iii) quantify the contri-
butions of various environmental factors (e.g. demographic changes,
revegetation, infrastructure) to changes in these key parameters.
Considering the physical significance of the parameters of the SCS-CN
model will help to understand the surface and subsurface runoff gen-
eration mechanism in a changing environment.

2. Data and methods
2.1. Study area

The Chinese Loess Plateau (CLP) is located in the middle and upper
reaches of the Yellow River, covering an area of approximately 640,000
km?. The region transitions from subhumid to arid climate, with annual
average temperature ranging from 3.7 to 14.0 °C and annual average
precipitation of 144.5 to 812.0 mm. About 72 % of the precipitation
occurs from June to September (Li et al., 2012, Zhang et al., 2020). The
primary land use types are grassland (42 %), farmland (32 %), and forest
(15 %) (Li et al., 2016). The Grain-for-Green program, initiated in 1999,
has led to the conversion of farmland to grassland and forest, resulting in
a tenfold increase in NDVI change speed (Li et al., 2017). The region is
covered by Quaternary loess, which is layered with varying thicknesses
of various loess deposits, and the surface layer varies due to the degree of
soil erosion. The thickness of the loess ranges from 0 to 350 m,
decreasing from the central region towards the southeast and northwest
(Xiong et al., 2014, Zhu et al., 2018). The thickness and spatial het-
erogeneity of the loess profoundly impact the topography and hydro-
geological conditions of the region.

This study selected 13 basins that stretch across different climatic
zones and across the entire CLP, accounting for 57 % of the loess-
covered region (Table 1). This selection provides a comprehensive
reflection of the hydrological conditions on the CLP.

2.2. Data collection

We collected daily streamflow data of 1961 to 2019 from 56 hy-
drological stations located at the outlets of major tributaries and whole
basins, which adequately capture the spatiotemporal heterogeneity of
the regional hydrology (Fig. 1). The data were sourced from the Yellow
River Conservancy Commission. Due to data availability, there is a gap
in data for the period 1991-2000 or 1991-2005 at the outlets of two
basins and tributary hydrological stations. Typically, each 10-12 year
time span encompasses a full hydrological wet-dry cycle (Dai et al.,
2016, Geng et al., 2021, Yoo, 2006). For basins with a data record
exceeding 10 years, any errors introduced by interannual variability can
be considered negligible (Shao et al., 2021). The two data periods we
acquired are both at least 14 years in length and adequately represent
the hydrological conditions before and after the initiation of the Grain
for Green Project. Therefore, these data are suitable for runoff
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Table 1
Detailed summary of the selected 13 basins in the Loess Plateau.
ID  Basin Area TI Loess Clay Population NDVI P (mm/ ETo (mm/ vsw Baseflow Surface
(km?) Thickness (m) Content (%) (x10° year) year) (%) (mm) runoff (mm)
1 Gushanchuan 1263 6.62 96.47 12.52 75 0.36 420 826 30.79 17 30
2 Kuye 8515 7.19 82.17 13.2 373 0.35 391 814 30.63 30 27
3 Tuwei 3253 7.4 72.03 12.98 231 0.35 408 852 30.48 69 25
4 Qiushui 1873 6.34 99.49 15.4 290 0.46 495 802 27.27 16 20
5 Sanchuan 4102 6.24 104.62 16.56 486 0.53 501 746 29.43 34 16
6 Wuding 29,654 7.42 103.68 13.64 1849 0.35 403 852 27.47 21 10
7 Qingjian 3468 6.14 104.71 14.29 320 0.39 489 857 26.47 19 18
8 Yan 5891 6.13 118.5 15.69 405 0.42 487 810 27.49 18 15
9 Xinshui 3992 6.3 124.66 16.76 264 0.51 518 801 27.68 16 12
10 Fen 38,118 6.69 57.69 19.83 9039 0.49 511 799 26.71 15 7
11 Beiluo 25,638 6.33 124.12 19.72 1813 0.53 531 747 27.38 19 9
12 Jing 43,205 6.44 148.08 20.54 4602 0.46 503 685 28.46 22 13
13 Wei 105,350 6.59 112.08 18.74 25,819 0.49 511 672 30.72 39 21

Notes: TI, P, ETy, and VSW denote topographic index, annual mean precipitation, annual mean potential evapotranspiration, and annual mean volumetric soil water,
respectively.
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Fig. 1. Location of the 13 basins on the CLP (central map) and temporal variations of runoff from t; to t, (surrounding 14 figures). The central map shows the
locations of the CLP, 13 basins and hydrological stations. The 14 surrounding plots show the time series of runoff for the 13 basins and contribution of runoff
component to runoff changes from t; to tp period.

generation studies in a changing environment, and we designate the influencing factors spanning from the atmosphere to the subsurface
periods before and after vegetation restoration as t; and tp, respectively. aquifer, including atmospheric climate data, surface vegetation, and soil
To attribute changes in runoff generation, we collected data of moisture in the unsaturated zone. Daily precipitation and volumetric
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soil water (VSW) from 1961 to 2019 with a spatial resolution of 0.1°
were obtained from Han et al. (2023) and the European Centre for
Medium-Range Weather Forecasts atmospheric reanalysis (ERA5-land)
(Munoz-Sabater et al., 2021), respectively. Daily Normalized Difference
Vegetation Index (NDVI) from 1982 to 2019 and monthly potential
evapotranspiration (ET,) data from 1961 to 2019 with a spatial reso-
lution of 0.05° were sourced from NOAA-AVHRR and the TerraClimate
dataset, respectively (Abatzoglou et al., 2018). Soil thickness data were
obtained from Zhu et al. (2018). The topographic index (TI) was
calculated using the Digital Elevation Model (DEM) from the ASTER
dataset with a spatial resolution of 30 m (Beven and Kirkby, 1979, Pena-
Arancibia et al., 2010, Post and Jakeman, 1996). Clay content data with
a spatial resolution of 250 m was sourced from OpenLandMap. Apart
from vegetation restoration, human activities influence runoff genera-
tion processes through various hydrological engineering measures such
as check dams and terracing. Obtaining detailed data on these measures
can be challenging, but their intensity is highly correlated with popu-
lation density. Therefore, in this study, we use population data at the
county level to analyze the impact of human activities on runoff gen-
eration. The county-level population data from 1981 to 2019 were
sourced from the Loess Plateau SubCenter, National Earth System Sci-
ence Data Center, National Science & Technology Infrastructure of
China.
The data analysis flowchart was shown in Fig. 2.

2.3. Determination of characteristic value of runoff generation

The characteristics of surface runoff generation are determined for
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rainfall-runoff events. The Detrending Moving-average Cross-correla-
tion Analysis-Event Separation Routine (DMCA-ESR) was used to auto-
matically identify rainfall-runoff events (Giani et al., 2022). DMCA-ESR
determines the average lag time between the centroids of rainfall events
and runoff events, and detects both rainfall and runoff time series to
objectively identify events. This method needs to determine the signif-
icant minimum rainfall intensity (Rmn) of the study area to calculate the
rainfall fluctuation tolerance, so as to avoid small and isolated rainfall
events that prevent the time series from being discretized into different
events. The surface runoff coefficient (SRC), timescale (T;), and
normalized event peak discharge (N,) were calculated for each event
based on the identified events (Zheng et al., 2023). SRC is the ratio of the
event surface runoff to the event rainfall. T; is the ratio of the event
surface runoff to the event peak runoff, which represents the shape of the
surface runoff hydrograph. N, is the ratio of the peak surface runoff of
the event to the long-term average surface runoff, reflecting the
magnitude of the event.

The characteristics of underground runoff generation are determined
according to the baseflow (Wu et al., 2021). Baseflow separation was
performed using the Eckhardt method, a two-parameter filtering
method suitable for CLP (Yan et al., 2023). This method filters surface
runoff as a high-frequency signal from the baseflow as a low-frequency
signal (Eckhardt, 2005). Based on the separated baseflow, the annual
baseflow (BF) time series and annual BFI are determined. A higher
baseflow means more deep groundwater available for discharge, and a
greater underground runoff; vice versa. BFI characterizes the contribu-
tion of groundwater discharge from the baseflow to streamflow.
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Fig. 2. Flowchart to detect and attribute the changes in runoff generation. P, VSW, ET, and TI mean precipitation, volumetric soil water, potential evapotranspiration
and topographic index, respectively. DMCA-ESR means Detrending Moving-average Cross-correlation Analysis-Event Separation Routine.
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2.4. Inverse estimation of SCS-CN parameters

The parameters of SCS-CN were not fixed as traditional methods, but
were inversely deduced for each rainfall-runoff event. The varying pa-
rameters serve as a foundation for interpreting runoff behavior in
response to changes in environmental factors. SCS-CN combines two
assumptions (Equations (1) and (2) and a water balance equation
(Equation (3).

Q __F
P—-1, S M
IL,=\S @)
P=I,+F+Q 3)

where Q, P, and F are surface runoff (mm), rainfall (mm), and cu-
mulative infiltration (mm), respectively. S is potential maximum
retention (mm), which characterizes soil water storage capacity. I, is
initial abstraction (mm), which is the rainfall loss caused by vegetation
interception, filling and infiltration before surface runoff occurs. A is the
initial abstraction coefficient, which is the proportionality coefficient
between I, and S. Equations (1) and (3) are combined to derive the
formula of SCS-CN for calculating surface runoff based on rainfall:

(P-1,)°

Q=p-1+s

@
The formula holds at P>I,, and if P<I,, then Q is 0. S can be calcu-
lated by curve number (CN). The dimensionless CN of 0-100 charac-
terizes the characteristics of regional soil and land cover, and is
negatively correlated with soil permeability:
25400

S:W—254 (5)

In order to invert the SCS-CN parameters, the proportional coeffi-
cient k of Q and (P —I,) is introduced into equation (1):

Q _

Pfh_k 6)
that is:

Q=kP—KI, &)

Equation (7) can be regarded as a univariate linear regression
equation for Q, and k can be determined by linear regression of rainfall
(mm) and surface runoff (mm) for events in t; and t;. Some events
exceeded the prediction interval of the regression line, especially for the
events with high soil moisture before the occurrence of surface runoff,
and the surface runoff coefficient was high. The I, of each event is
determined based on the determined k. The determined I, is brought
into equation (4) to determine S, and S is further substituted into
equation (5) to determine CN.

2.5. Interpreting spatial variation in key parameters

The Geographical Detector was used to determine the controlling
factors for the spatial variation of runoff parameters (Wang et al., 2010).
The controlling factors are determined according to the similarity (q) of
the parameters to the spatial distribution of each environmental factor. q
ranges from O to 1, and the closer to 1 the factor is, the stronger the
similarity between the factor and the spatial distribution of key pa-
rameters, and the higher the explanatory power of its spatial
distribution.

PL
n1Nk0n?

Ng? ®)

q=1-

where h is the influencing factor stratification, and there is a total L
layer. Ny and 0j: are the number of samples and the variance of key
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parameters in layer h, respectively. N and 02 are the total sample size
and variance of key parameters.

2.6. Attribution of changes in key parameters

We employed the Mann-Kendall non-parametric test to analyze the
temporal trend of environmental factors. Z-value with an absolute
magnitude greater than 1.96 indicates a significant trend. The Pearson
correlation method was used to identify the controlling factors of runoff
parameters. The elasticity coefficient method was used to quantify the
contribution of each factor to the change of runoff parameters. The key
parameter changes between the two periods were caused by various
factors, taking S as an example:

<
ASior = ASp, (C)]
1

where i represents the number of influencing factors, and AS,, is the
change in S caused by the m-th influencing factor. AS,, can be calculated
using the following formula:

AS,, = Emﬁg (10)
Xm

where AX,, and X,, are the change and mean value of the m-th factor
between the two time periods, respectively; €, is the elasticity of S to the
m-th factor, which can be estimated using the least squares estimator
(Zheng et al., 2009).

e _ 0S/S  pgxCs
" a)(m/xvm B CX

an

where pg, is the correlation coefficient between S and influencing
factor; Cs and Cy are the coefficients of variation of S and the influencing
factor, respectively. The contribution of the m-th influencing factor to
the change in S is calculated as:

A

pm:P#E—xlm% 12)
1/ASn]

3. Results

3.1. Variations in streamflow components

The annual average streamflow in these basins is 43 £ 19 mm,
ranging from 22 mm (Fen River) to 94 mm (Tuwei River) (Fig. 1). The
annual average surface runoff and baseflow were 17 + 7 mm and 26 +
14 mm, respectively. The BFI averaged 0.59 + 0.11, with Tuwei River
having the highest value (0.73) and Gushanchuan River the lowest
(0.36). The streamflow in these basins has experienced varying degrees
of reduction, with an average decrease of 39 % =+ 12 % from t; to t. The
most significant reductions were observed in the Gushanchuan (—63 %)
and Kuye (—61 %) Rivers. Surface runoff and baseflow resulted in a 20 %
+ 10 % and 19 % + 7 % reduction in streamflow, respectively.

3.2. Identified events and runoff characteristic values

We determined the Ry;; of DMCA-ESR in the study area through
sensitivity analysis (Fig. 3a). On a daily scale, we tested a range of Rmin
from 0.02 to 0.2 mm/h. With the increase of R, the average number of
events in the sub-basin slightly increased from 759 + 165 to 760 + 170,
then decreased to 506 + 150, while the average runoff and rainfall
volume in the sub-basin respectively decreased from 1.71 + 2.83 mm
and 27.28 + 7.69 mm to 1.48 + 2.40 mm and 26.07 + 5.77 mm, and
then increased to 1.50 + 2.41 mm and 28.51 + 5.04 mm. If R,,;, is too
small, small and isolated events hinder the discretization of the time
series into different events. As R, increases, the introduction of more
small rainfall as breakpoints between events increases the number of
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Fig. 3. (a) Sensitivity analysis of Ry, and (b-f) spatiotemporal variations in runoff generation characteristics. (al) Number of events, (a2) volume of flow, (a3)
volume of rain varying Ry, value. Spatiotemporal variations of (b) surface runoff coefficient (SRC), (c) Normalized event peak discharge (N}), (d) timescale (T5), (e)
baseflow (BF), and (f) baseflow index (BFI). The size and color of circle represent the size and percentage change of runoff generation characteristics, respectively.

events. If Ry is too large, smaller rainfall events will be ignored. When
Rpin is 0.06 mm/h, the average number of events in the sub-basin is 739

+ 170, and the average runoff and rainfall volume in the sub-basin is
1.50 + 2.46 mm and 26.07 + 5.77 mm. Choosing this value for Rpym
allows for the separation of continuous rainfall-runoff events without
ignoring a large number of small rainfall-runoff events. Therefore, this
study selected Ry, as 0.06 mm/h for event identification.

The mean values of sub-basins SRC and BF were respectively 0.028

+ 0.035 and 43 + 52 mm, showing a spatial distribution with lower
values in the central part and higher values in the north and south (Fig. 3
b&e). The mean values of N, and T; were 3.1 &+ 1.9 and 2.3 + 0.5,
respectively (Fig. 3 c&d). N, decreased as the basin area increased,
whereas T; exhibited the opposite trend. 91 % of the sub-basins had BFI
values greater than 0.5, ranging from 0.35 to 0.77 (Fig. 3 f), suggesting
the main component of streamflow was contributed by groundwater
discharge. BFI did not exhibit a distinct spatial distribution pattern.
Sub-basins SRC and BF decreased by approximately 34 % + 24 % and
26 % =+ 23 %, respectively. The extent of reduction varied with basins,
but SRC and BF showed the largest decrease in the Guanshanchuan
(—69 % and —63 %) and Kuye River (—72 % and —53 %). The sub-basin
N, exhibited changes ranging from —65 % to 39 %, with 75 % of the sites
showing a decreasing trend and greater reductions in the northern sub-
basins. About 82 % and 86 % of the sites showed increases in Ts and BFI,
with average changes of 14 % + 15 % and 9 % =+ 10 %, respectively. The
rate of change in T; decreased with increasing basin area. Overall, both
surface runoff and baseflow decreased, resulting in a more gradual

surface runoff hydrograph.

3.3. Spatiotemporal variations in SCS-CN parameters

The mean values of sub-basin I, S, and CN were 16 + 4 mm, 300 +
287 mm, and 74 + 12, respectively. Spatially, I, decreased with
increasing latitudes (Fig. 4). S was highest in the Fen River (755 mm)
and lowest in the Tuwei River (79 mm). CN was highest in the Kuye
River (84) and lowest in the Fen River (60). Temporally, from t; to t3,
sub-basin I, and S increased by 15 % + 17 % and 186 % + 204 %,
respectively. The increase in I, was more significant in the north and
south, while it was smaller in the central part, and even showed a
downward trend (e.g., Yan River with —15 %). 84 % of the stations had S
increasing by more than 100 %, with the magnitude increasing with
latitude. CN exhibited a decreasing trend (—11 % + 19 %), with the
most significant reduction in the Yan River (—37 %).

3.4. Spatiotemporal changes in environmental factors

Spatially, P, NDVI, VSW, and population decreased from southeast to
northwest (Fig. 5a, ¢, d & e). Meanwhile, clay fraction was higher in the
southeast and lower in the northwest (Fig. 5g). ETy was higher in the
southeast and northwest regions, and lower in the northeast and
southwest (Fig. 5b). TI showed a north-high and south-low distribution
pattern (Fig. 5f). The thickness of loess decreased from the central part
towards the southeast and northwest (Fig. 5h). Temporally, there was no
significant change in precipitation, but ETy, NDVI, and population all
showed a significant upward trend. 75 % of the sub-basins exhibited a
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Fig. 4. Spatiotemporal variations in (a) initial abstraction (I,), (b) potential maximum retention (S), and (c¢) curve number (CN) of the SCS-CN. The size and color of

circle represent the size and percentage change of parameters, respectively.

Fig. 5. Spatiotemporal changes in environmental factors. Spatial distribution and change trends in each sub-basin of (a) precipitation (P), (b) potential evapo-
transpiration (ETy), (c) NDVI, (d) volumetric soil water (VSW) and (e) population. The subplot in each map shows the histogram of the magnitude. Spatial distri-
bution of (f) topographic index (TI), (g) clay fraction and (h) Loess thickness (Zhu et al., 2018).

significant reduction in VSW.

3.5. Link between environmental factors and SCS-CN parameters

By using factor detector to compare the similarity of spatial distri-
bution between environmental factors and SCS-CN parameters, we
found that the spatial distribution of S was controlled by TI (0.70) and P
(0.31), while that of CN was collectively influenced by TI (0.66), P

(0.40), NDVI (0.35), and loess thickness (0.35). However, the spatial
variability of I, was not significantly correlated with that of any envi-
ronmental factors.

P exhibited the strongest temporal correlations with the SCS-CN
parameters, showing significant associations with changes in S and I,
andCN in 89 %, 50 %, and 84 % of the sub-basins, respectively.
Following this, the next most influential factors were NDVI and popu-
lation (Fig. 6a). NDVI, P, and population were positively correlated with
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Fig. 6. Attribution of the Changes in SCS-CN Parameters. Box plots of Pearson’s correlation coefficient between (al) potential maximum retention (S), (a2) initial
abstraction (I), and curve number (CN) of the SCS-CN and environmental factors. (The numbers in bold red represent the stations passing significance test). (b)
Elasticity and (c) contributions of controlling factors to parameters change in 13 basins. The regional environmental factors include NDVI, potential evapotrans-
piration (ETy), volumetric soil water (VSW), precipitation (P), and population. (For interpretation of the references to color in this figure legend, the reader is referred

to the web version of this article.)

S and I,, while they had a negative correlation with CN.

Averaging the elasticity coefficients for the 13 basins, it was found
that for every 1 % increase in NDVI, ET), P, and population, the average
increase in S was 3.1 %, 3.3 %, 2.4 %, and 3.1 %, respectively. Similarly,
I, increased by 0.3 %, 0.1 %, 0.6 %, and 0.4 %, while CN decreased by
0.6 %, 0.5 %, 0.4 %, and 0.5 % (Fig. 6b). On the other hand, for every 1
% increase in VSW, S decreased by 1.3 %, while I, and CN increased by
0.1 % and 0.2 %, respectively.

We further quantified the contributions of environmental factors
from the 13 basins to the changes in the SCS-CN parameters using the
elasticity coefficient method (Fig. 6¢). The results indicated that NDVI
and population were the primary factors contributing to the variations
in regional S (32 % and 34 %), I, (21 % and 18 %), and CN (—32 % and
—33 %).

4. Discussion

4.1. Why is surface and subsurface runoff decreasing in the Chinese Loess
Plateau?

Our results indicate a decrease in surface and subsurface runoff
generation across most of the study area, corroborating previous studies
in the CLP (Gao et al., 2015, Liang et al., 2015, Yan et al., 2023). Based
on rainfall-runoff event estimation, the SCS-CN parameters indicated
that the S increased by over 100 % in 84 % of sub-basins (Fig. 4b).
Underlying driving force was an increase of potential maximum reten-
tion for the decrease of surface runoff. The increase in S was mostly
related with increasing vegetation cover (NDVI) and human activity. S
represents soil water retention (SCS, 1972). Therefore, the S derived
from our data can represent water retention across the study basins, and
it thus includes the water retention in the soil and some engineering
structures such as check dams and reservoirs.

An increase in soil water retention could potentially be linked with
the wide increase in vegetation cover and soil conservation measures.
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Vegetation increases surface roughness through litterfall and improves
soil structure and properties, and subsequently enhances rainfall infil-
tration (Zhu et al., 2020, Zhu et al., 2021). The soil wetting depths in the
revegetated plots increased by 14.7 % during rainfall events, and the soil
moisture wetting front velocity rose by 67.2 % (Ge et al., 2022). The
potential role of increased water retention in artificial structures would
be corroborated by the construction in the last decades of check dams
and flood-control reservoirs (Guyassa et al., 2017, Luo et al., 2023,
Zhang et al., 2008). In our results, this could explain the relation be-
tween S and population, assuming that a larger population would indi-
cate a larger density of structures. This has been accompanied by field-
scale soil conservation measures such as terracing, further enhancing
soil water retention (Wei et al., 2019). The implementation of revege-
tation and soil conservation measures significantly enhances rainfall
infiltration into the soil, reducing surface runoff generation.

The increased rainfall infiltration is conducive to subsurface runoff;
however, our findings and those of others indicate a pronounced decline
in CLP soil water and subsurface runoff (Fig. 5d) (Gao et al., 2015,
Huang, 2019). This suggests a tendency for soil water redistribution
toward evapotranspiration rather than groundwater recharge. Vegeta-
tion transpiration accounts for 60-80 % of total evapotranspiration,
returning 39 % + 10 % of precipitation to the atmosphere (Schlesinger
and Jasechko, 2014). Each tree can transpire hundreds of liters of water
daily (Ellison et al., 2017). Around 70 % of plant transpiration relies on
soil water recently replenished by precipitation (Miguez-Macho and
Fan, 2021). Due to revegetation, evapotranspiration fluxes in the CLP
have increased by approximately 31 x 10% m®/yr (or 4.90 mm/yr), with
a relative increase in evapotranspiration of 93 % (Bai et al., 2019, Shao
et al., 2019). Therefore, vegetation, taking up soil water for transpira-
tion, may be a primary factor contributing to the reduction in CLP
subsurface runoff generation. In addition, the regional water demand
increased by 4 % annually with population growth (Feng et al., 2016).
Approximately 44 % of the water extraction came from groundwater
(Han et al., 2020). Meanwhile, large-scale coal mining disrupted the
geological structure, leading to a substantial loss of groundwater (Chen
et al., 2020, Xie et al., 2018). The regional groundwater was rapidly
decreasing at a rate of 5.50 mm/year, with the continuously declining
water table increasing the difficulty of groundwater recharge and, to
some extent, resulting in a reduction in subsurface runoff generation
(Yin et al., 2021).

In short, the lower surface runoff generation can be attributed mostly
to a higher infiltration, associated with higher vegetation density
resulting from the Grain for Green program and other engineering
measures. The substantial increase in soil water consumption due to
revegetation led to soil drying, which appears to have dominated the
reduction in subsurface runoff generation. Therefore, the primary un-
derlying reasons for the decrease in runoff generation were vegetation
restoration and soil and water conservation measures that promote
infiltration. This then allowed the soil to sustain larger transpiration
fluxes, which supports the positive feedback loop of further vegetation
growth (Zhou et al., 2022).

4.2. Linking changes in runoff generation with the SCS-CN

In this study, the SCS-CN model parameters were inversely deduced
through rainfall-runoff events to determine the model parameters of
each event. In previous research, although it is recognized that model
parameters should ideally vary with changing conditions, it is techni-
cally infeasible to measure the parameters before each rainfall event
(Klemes, 1986, Lin et al., 2015, Merz and Bloschl, 2004, Rasouli et al.,
2019). Therefore, CN is typically determined through the table from the
National Engineering Handbook, Section-4 (NEH-4), and S is calculated
based on CN, while I, is determined as 0.2 times (A) of S (Mishra and
Singh, 2013). Assuming that the parameters are known and static ig-
nores their significant impact on hydrological response (Pensoneault
et al., 2023).
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The key parameters of the SCS-CN method capture the impact of land
cover changes and intervention measures on hydrological behavior
(Metselaar, 2023). To analyze the variability of model parameters across
events, many researchers determine the values of the model parameters
being studied in different events by fixing other parameters (Gabriels
et al., 2021, Soulis and Valiantzas, 2012, Yan et al., 2020). The results
show that CN decreases with increasing precipitation and eventually
stabilizes, and it is more appropriate to estimate CN from measured
rainfall-runoff data (Soulis and Valiantzas, 2012). The assumption of A
= 0.2 may be a major source of uncertainty in the SCS-CN method (Bo
et al., 2011, Duran-Barroso et al., 2017, Shi et al., 2009, Yuan et al.,
2014). Many studies suggested that for most regions around the world,
this value should be lower than 0.2 (Baltas et al., 2007, Lal et al., 2015,
Shi et al., 2009), while some research indicated that for different events,
this value can be any non-negative number, not limited to between 0 and
1 (Mishra and Singh, 1999, SCS, 1972). Recently, in small catchment
areas in Poland, it was found that this value is closely related to pre-
cipitation, with A showing greater variability for smaller precipitation
events and stabilizing after exceeding a threshold precipitation. The
threshold precipitation depends on the landscape features of the study
basin, thus, A is a regional and climatic parameter (Krajewski et al.,
2020). Our research further confirmed this conclusion (Fig. 7). In 13
basins on the Loess Plateau, the median range of A varies from 0.01
(Wuding river) to 1.04 (Gushanchuan river), with the threshold pre-
cipitation range about 20 mm to 100 mm. Therefore, fixing model pa-
rameters significantly affects the accuracy of results, limiting the
understanding of hydrological behavior. This study used information
contained in measured data to determine all key model parameters at
the event scale, minimizing conceptual assumptions. The method is
objective and repeatable, providing a new scheme for optimizing the
SCS-CN method.

Our study has identified the event-scale SCS-CN model parameters,
enabling the linkage of varying environmental factors with runoff gen-
eration behavior based on the physical significance of the parameters.
This allows for an in-depth exploration of the underlying mechanisms of
runoff generation variations. This research is expected to provide new
insights into the analysis of the intrinsic mechanisms underlying the
variations in observed rainfall-runoff data.

5. Conclusions

Detecting and attributing changes in runoff generation is crucial for
informing environmental conservation efforts and the sustainable use of
water resources. In this study, we selected 56 hydrological stations from
13 basins in the Chinese Loess Plateau, for which we used a rainfall-
runoff event-based approach to estimate the key parameters of the
SCS-CN, in order to infer the underlying physical mechanisms that drive
changes in runoff generation. Both surface and underground runoff in
the region significantly decreased, and the surface runoff hydrograph
became flatter. We found that increased rainfall interception and soil
infiltration, driven by revegetation and other human activities, has
likely led to reduced surface runoff. Revegetation was likely also the key
factor contributing to the decrease in subsurface runoff, as an increased
water demand for evapotranspiration increases the rate of soil water
consumption. Therefore, revegetation is possibly a significant direct
cause of the recently observed decrease in surface and subsurface runoff
in the Chinese Loess Plateau. Our study offered new insights into the
response of surface and subsurface runoff generation under changing
environmental conditions. However, the research lacked an accurate
description of the physical processes by which vegetation changes affect
runoff. In the future, it is necessary to consider integrating vegetation
dynamic models with hydrological models to comprehensively simulate
the runoff response under vegetation dynamic changes, providing
crucial information for sustainable water resource development.
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Fig. 7. Relationship between initial abstraction coefficient (1) and rainfall volumn in 13 basins on the CLP and box plot of A in the 13 basins.
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