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ARTICLE INFO ABSTRACT

Keywords: Understanding the dynamic response of soil moisture to rainfall is critical for hydrological modelling in arid and
Soil moisture response pattern semi-arid basins. However, little is known about rainfall-related soil moisture dynamics in arid high-altitude
Land cover

mountainous areas due to the absence of long-term high-resolution soil moisture observations. In this study, we
investigated the dynamic response processes of profile soil moisture using data from a soil moisture monitoring
network in the Qilian Mountains established in 2013 covering altitudes from 2,000-5,000 m a.s.l. To investigate
the effects of different land covers on soil moisture response, we selected data from eight soil moisture stations
with the same soil textural class and slope, but different land covers (scrubland, meadow, high coverage
grassland (HCG), medium coverage grassland (MCG) and barren land). Several indices were evaluated to
quantitatively describe soil moisture dynamics during the growing seasons of 2014-2016 based on soil wetting
events. In addition, HYDRUS-1D simulations were used to further analyze the effect of land cover on soil
moisture dynamics. Our results showed that soil moisture response amplitudes along profile are similar under
MCG and barren land, but significantly different under scrubland, meadow and HCG. The rate of soil moisture
increment decreased significantly with depth for all land covers, except for the HCG. The temporal pattern of soil
moisture increase was highly variable along the soil profiles depending on land cover type. In particular, the
difference of response time between the adjacent layers varied from negative values to 280h with depth.
Preferential flow occurred mostly in soils covered by scrubland. Water transferability was higher in deeply
rooted soil. Furthermore, sensitivity analysis indicated that soil hydraulic properties are key factors in regulating
profile soil wetting events. Our results show that the soil moisture response indices are useful to quantitatively
characterize patterns in profile soil moisture dynamics, and provide new insights into the soil moisture profile
wetting process (e.g. occurrence of preferential flow etc.), which helps for effective model parameterization and
validation, in turn improving hydrological modelling in arid high-altitude mountainous areas.

Heihe River Watershed
High-altitude mountainous area

1. Introduction

Mountain areas are the “water towers” of the world because of their
importance in providing water resources for downstream areas
(Immerzeel et al., 2010). Mountain areas provide up to 95% of the
freshwater supply in some areas (Liniger et al., 1998), such as the arid
and semiarid watersheds in northwestern China (Cheng et al., 2014).

Soil moisture is an essential variable in hydrology, meteorology,

agriculture, and ecology (Western et al., 2004; Seneviratne et al., 2010;
Jung et al., 2010). Soil moisture and its dynamic response to rainfall
control the interaction among the hydrological processes of precipita-
tion, infiltration, evapotranspiration, runoff and drainage (Koster et al.,
2004; Zehe et al., 2005; Wang et al., 2012a; Farrick and Branfireun,
2014; Vereecken et al., 2015). Thus, knowledge about the processes
driving rainfall-related soil moisture dynamics is essential to under-
stand the mechanisms of rainfall-runoff processes, and to improve land
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Fig. 1. Location of the study area and the distribution of the soil moisture stations (SMS) (a), and the distribution of the selected SMS in this study, as well as the

spatial distribution of the precipitation (annual rainfall of 2014) (b).

surface and hydrological modeling, especially in data-scarce mountai-
nous catchments (Blume et al., 2009; He et al., 2012; McDonnell and
Beven, 2014).

In recent years, mountain areas have received growing attention in
the context of climate change and adaptation studies and water re-
sources management (Lutz et al., 2014; Chen et al., 2016; Ran et al.,
2018). However, the dynamics of soil moisture response to rainfall is
still poorly investigated in high mountain areas (He et al., 2012; Pellet
and Hauck, 2017). For example, many studies have focused on under-
standing the soil moisture response to rainfall. Most of these studies
explored the dynamic response through qualitative description of time
series of soil moisture (Kim et al., 2009; Li et al., 2013a; Yu et al., 2015)
and descriptive statistics for the specific status of soil moisture (e.g.
probability distributions (Laio et al., 2001; Liu et al., 2015), and stan-
dard deviation (Rosenbaum et al., 2012; Brocca et al., 2014)). A pro-
cess-based understanding of soil moisture response to rainfall remains
incomplete and is urgently needed for advancing ecohydrological and
critical zone modelling (Green and Erskine, 2011; Clark et al., 2017; Li
et al., 2017; Guo and Lin, 2018). Moreover, quantification of soil
moisture response processes using continuous in-situ monitoring data at
different depths with high temporal resolution can provide alternative
metrics for process-based soil hydrological model evaluation (Green
and Erskine, 2011; Wiekenkamp et al., 2016; Guo and Lin, 2018).

Land cover change is known to have strong influence on soil
moisture dynamics after rainfall by altering interception (Laio et al.,
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2001; Li et al., 2013a), infiltration (Rossi et al., 2018; Liang et al., 2011;
Brooks et al., 2015), plant water uptake (He et al., 2013; Kurc and
Small, 2004), and evaporation processes (Farmer et al., 2003; Jian
et al., 2015). However, uncertainty remains about the soil water re-
sponse regime for land cover types under different conditions (Moran
etal., 2010; Li et al., 2013a; 2018b). For example, many studies showed
a more dynamic soil moisture response regime under grassland than
scrubland or woodland (Wang et al., 2013, 2008; Yu et al., 2017;
Lozano-Parra et al., 2015; Li et al., 2013a). Other studies, however,
showed a more dynamic response regime under scrubland or woodland
than grassland (Jin et al., 2018; Li et al., 2013a; Liang et al., 2011), and
some studies also found similar response patterns for different land
covers (Moran et al., 2010; He et al., 2012; Zhu et al., 2014). Fur-
thermore, understanding of profile soil moisture response processes
during and after rainfall is still unclear (Jin et al., 2018), which is vital
for the detection and understanding of subsurface flow (Green and
Erskine, 2011; Wiekenkamp et al., 2016; Guo and Lin, 2018) and runoff
generation (Blume et al., 2009; Kim, 2009).

The response regimes under different land covers are particularly
poorly understood in data-scarce mountainous areas due to the diffi-
culties of installing and maintaining long-term profile soil moisture
monitoring networks with high time resolution (Pellet and Hauck,
2017; Viviroli et al., 2011). Amongst the numerous established long-
term soil moisture monitoring networks (e.g. Dorigo et al., 2011;
Ochsner et al., 2013; Quiring et al., 2016; Gasch et al., 2017), only a
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few networks have been established in high and cold mountain areas
(Su et al., 2011; Pellet and Hauck, 2017; Li et al., 2013b, 2018). Only a
few studies have focused on rainfall-related soil moisture dynamics
processes for land cover types at small scale in the high and cold
mountain areas (He et al., 2012; Sun et al., 2015; Yang et al., 2017).
Meanwhile, the transfer of small-scale information to larger scales re-
mains very challenging due to the high heterogeneity of soil moisture in
topographically complex mountainous areas (Brocca et al., 2010;
Thompson et al., 2011; Famiglietti et al., 2008).

Within this context, the aim of this study is to quantitatively de-
scribe the patterns of rainfall-related profile soil moisture response
processes for typical land covers in a high-altitude, topographically
complex alpine region using data from a long-term large-scale soil
moisture monitoring network. The results are expected to shed insights
into rainfall-related profile soil hydrological processes under typical
land covers, and to provide important reference values for key para-
meters in large scale hydrological modelling and water resources
management in arid and semi-arid watersheds.

2. Study area, datasets and methods
2.1. Study area

The Heihe River Watershed is the second largest inland river wa-
tershed (or terminal lake) in China (Cheng et al., 2014). The upper
stream of the Heihe River Watershed was selected as our study area. It
is located in the Qilian Mountains at the northern margin of the Qin-
ghai-Tibet Plateau with an area of about 27 x 10%km? (97°29’-101°32’
E, 37°43’-39°39’ N) (Fig. 1). Mountain runoff provides almost all of the
water for the entire watershed, sustains a population of about 121
million in the watershed, irrigates 2.4 x 10> hectares of farmland for
maintaining one of the major grain production bases in China, and
supports a fragile ecological system in the lower reach of the Heihe
River (He et al., 2009; Li et al., 2015a).

The study area is subject to a temperate semi-arid and semi-humid
continental monsoon climate. Most of the study area is located between
2,000-5,000m above sea level (a.s.l.). Annual precipitation ranges
from 200 mm in the steppe to 700 mm high up in the mountain ranges,
and is characterized by a high seasonal variability with over 60% of
precipitation falling in the summer months (Li et al., 2009). The mean
annual potential evapotranspiration is about 700 - 2000 mm (Pan and
Tian, 2001). The annual average temperature ranges from —3.1°C to
3.6 °C based on the meteorological data from 1960 to 2012 (Zhang
et al., 2016). The strong vertical difference in mean annual temperature
has led to a distinct vertical land-cover zonation that comprises alpine
meadow, grassland, shrub land, sparse vegetated land, and forest (Yang
et al., 2015; Zhou et al., 2016; Feng et al., 2013). The main soil types
are alpine steppe soil (FAO, Calcic chernozems), chestnut soil (FAO,
Kastanozems), and alpine frost desert soil (FAO, Gelicregosols) (Li et al.,
2009). The main soil textural classes in the study area are silt loam, silt
and sandy loam (United States Department of Agriculture or USDA
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classification) (Tian et al., 2017).

2.2. Soil moisture network

In order to investigate the influence of different environmental
factors on profile soil moisture dynamics in the upstream of the Heihe
River Watershed in the Qilian Mountain, a long-term monitoring net-
work consisting of 32 soil moisture stations has been established since
July 2013 (Fig. 1). The locations of the soil moisture stations were
chosen to be representative of the main land cover and soil types as well
as the different altitude levels of the study area (Jin et al., 2015; Zhang
et al., 2017a). The network constitutes the best possible coverage of the
study area given the constraints of steep topography, rough and dan-
gerous road conditions, accessibility to the monitoring stations, as well
as financial resources (Fig. 1).

At each station, a soil pit of sufficient size was dug to enable in-
sertion of the soil moisture sensors in multiple depths. The combined
soil moisture and temperature probe ECH20 5TE (Decagon Devices Inc.,
Pullman, USA) was installed horizontally at depths of 5, 15, 25, 40 and
60 cm below the soil surface. The 5TE sensors were installed in such a
way to avoid influence on the vertical water flow (Lozano-Parra et al.,
2015). After installation, the pit was carefully refilled with the original
soil material and compacted to the original bulk density layer by layer
to avoid perturbations as much as possible. The soil profiles were di-
vided into five layers according to the installation depths of the five
sensors (layer 1: 0-10 cm; layer 2: 10-20 cm; layer 3: 20-30 cm; layer 4:
30-50 cm; layer 5: 50-70 cm). Soil moisture was measured at a tem-
poral resolution of 30 min, which is in most cases sufficient to study soil
hydrological processes (Lozano-Parra et al., 2015). Soil samples for
each soil moisture monitoring station were collected during installation
(more than 7 kg from each profile of each stations) and taken to the lab
for calibration. A soil-specific calibration was carried out for each sta-
tion following the step-by-step instruction guide in the manual pro-
vided by Decagon (Cobos and Chambers, 2010; Zhang et al., 2017a).

Regular station maintenance (e.g. data collection, battery and
sensor check and replacement) took place twice a year at the beginning
of June and at the end of October. However, the large scale of the area
and the harsh mountainous environment are challenging for soil
moisture network maintenance. In addition, wireless data transmission
was not possible as the study area is not covered by a mobile commu-
nication network. Therefore, some data gaps occurred due to battery or
sensor failures and damages due to livestock (sheep and yaks) and rats.

In order to study the soil moisture regimes under different land
covers, we selected a subset of stations from the entire soil moisture
network with different land covers, similar soil texture (silt loam, which
is the main soil texture in the study area (Zhao et al., 2014; Su et al.,
2011)), small slope (0-9°), and with data gaps smaller than 3 months in
the period 2014-2016. Based on these criteria, eight typical soil
moisture stations were selected for this study that included the land
covers of scrubland (one soil moisture station, with gap from 7.2014 to
9.2014 at layer 4), meadow (one station, with gap during 6.2015 at

Table 1

Basic characteristics of the selected soil moisture stations.
SMS Surface-FVC LAIL Root Depth (cm) Slope(*) Aspect(®) Position Elevation (m) Sand(%) Clay(%) Silt(%)
Shrub 99% 3.6 > 70 0 - flat 2977 29.021 6.965 64.014
Meadow 100% 3.2 10 8 82 bottom 3800 30.659 7.684 61.656
HCG1 100% 2.6 49 6 65 flat 2558 19.131 4.584 76.285
HCG2 100% 2.5 52 9 257 top 2787 24.928 6.691 68.381
MCG1 35% 0.8 31 0 - flat 3317 17.203 7.912 74.886
MCG2 30% 0.6 25 8 33 flat 2170 17.474 6.538 75.988
Barren land1 5% _ _ 8 - mid 1827 24.469 6.184 69.347
Barren land2 8% 9 197 flat 3117 30.691 6.56 62.749

Note: FVC is the fraction of vegetation coverage, HCG and MCG represent high coverage grassland and medium coverage grassland, respectively. The sand, silt and
clay are analyzed according to the United States Department of Agriculture soil classification scheme.
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Fig. 2. 0.5 hourly time series of soil moisture (SWC, vol. %) for scrubland (1 soil moisture station: Scrub), meadow (1 station: Meadow), high coverage grassland (2
stations: HCG1, HCG2), medium coverage grassland (2 stations: MCG1, MCG2) and barren land (2 stations: Barenl, Barren2) at soil depths of 5, 15, 25, 40, 60 cm.
Gaps exist due to missing data. Also shown are the rainfall data (mm/d) and accumulated rainfall (mm) for each station.

layer 5), high coverage grassland (two stations, with gap during 9.2014
at layer 1), medium coverage grassland (two stations, no gaps) and
barren land (two stations, no gaps). The locations of the selected soil
moisture stations are shown in Fig. 1. Additionally, Table 1 and Table
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A1l present the basic characteristics and soil properties of the soil
moisture stations. Here, we analyze soil moisture observations from the
growing seasons from May to October of 2014 to 2016 (Liu et al., 2015)
(Fig. 2).
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Fig. 3. Profile distribution of the soil retention curve, Ks, soil porosity and SOC of the soil moisture stations. Kg is the saturated hydraulic conductivity (cm/hour),

SOC is the soil organic carbon (g 100 g’l), and P is the soil porosity (%).

During the installation of the soil moisture sensors, undisturbed and
disturbed soil samples were taken using metal cylinders and self-sealing
bags, respectively. The soil samples were used to determine key soil
properties for each soil moisture station (i.e. saturated hydraulic con-
ductivity, soil water retention function, soil texture, soil bulk density
and soil organic carbon content). Other station-related parameters in-
clude land cover type (i.e. scrubland, meadow, high coverage grassland,
medium coverage grassland, and barren land), slope, aspect, slope po-
sition, and rooting depth. A detailed description of the soil properties is
given in Tian et al. (2017).

Soil water retention curves were determined using the centrifuge
method (KOKUSAN-H-1400 pF, Kokusan Corp., Tokyo; Reatto et al.,
2008). The total soil porosity was calculated from soil bulk density by
assuming a particle density of 2.65 g cm ™2 (McKenzie et al., 2002). The
Mualem-van Genuchten parameters of the soil water retention curve
(Van Genuchten, 1980) were fitted to the measured data using Matlab
(MathWorks, Inc., Massachusetts) (Fig. 3).

2.3. Precipitation data

Rainfall observations in the Qilian Mountains are sparse (Yang
et al., 2013; Chen et al., 2014). Therefore, we established four addi-
tional meteorological stations in the study area in September 2013.
Furthermore, we used rainfall data from eight meteorological stations
operated by the Heihe Ecohydrological Remote Sensing Experiment
(http://www.heihedata.org/data). However, the representativeness of
these meteorological stations is still limited for our study given the
large area of the soil moisture network and the strong spatial variability
of precipitation in the topographically complex mountainous area (Pan
et al., 2014; Zhang et al., 2017b). Thus, the reanalysis datasets of Xiong
and Yan (2013) and Zhang et al. (2018) (http://westdc.westgis.ac.cn)
were also used in our study (Fig. 1). Throughout this study, the rainfall
data were used as a reference in the process of identifying the soil
moisture response events (Dorigo et al., 2013).

2.4. Data analysis

It is assumed that water reaches a certain depth when the soil
moisture content begins to increase after a rainfall pulse (Wang et al.,
2008; Laio et al., 2001; Green and Erskine, 2011). Accordingly, the soil
wetting process after a rainfall was determined and characterized using
the increase of soil water content at depths of 5, 15, 25, 40 and 60 cm
along the soil profile in this study (Lozano-Parra et al., 2015). Prior to
the data analysis, a detailed data quality control was performed fol-
lowing the procedures of Dorigo et al. (2013); Rosenbaum et al. (2012)
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and Wiekenkamp et al. (2016). The data quality control uses rainfall
information and the measured soil temperature data and consisted of
the following steps. First, soil moisture data during seasonal freeze-
thaw periods were excluded based on soil temperature data and the
characteristic soil moisture dynamics in thawing and refreezing cycles
(Dorigo et al., 2013; Wang et al., 2017, 2012b; Yang et al., 2017).
Second, outliers were removed using quantitative plausibility checks
(values outside of 0-90vol. % range, spikes and unreasonable fluc-
tuation). Third, unreliable data caused by technical problems (e.g. in-
sufficient battery power) were eliminated by visual data inspection.
Fourth, temperature effects on the soil moisture data were corrected
based on the methods of Saito et al. (2009; 2013), in which calibration
equations were derived using daily fluctuations of soil water content (6)
and soil temperature (T).

2.5. Identification of soil wetting events

In this study, we adopted the concept of soil wetting events, which
are defined as events in which a significant increase of soil moisture as a
result of rainfall infiltration into the soil can be observed (McMillan and
Srinivasan, 2015; Lozano-Parra et al., 2015). To this end, we de-
termined “critical points” in each soil moisture time series, i.e. turning
points indicating the beginning and end of the wetting processes (see
Fig. 4), and subsequently analyzed time lag and extent of the soil
moisture increase. The identification of the critical points was per-
formed automatically using a dedicated Matlab script. Following
Lozano-Parra et al. (2015, 2016), we defined an increase in soil
moisture of more than 0.3% as a soil wetting event in order to consider
the measurement accuracy of the soil moisture sensors. Furthermore,
we used a period of 6 h without effective soil moisture increment as a
separation criterion to distinguish soil wetting events in our study
(Lozano-Parra et al., 2015, 2016). An example of a detected soil wetting
event at two depths is presented in Fig. 4.

2.6. Quantification of the response pattern of soil wetting events

Based on the observed soil wetting events, we evaluated a set of
indices to quantitatively describe the soil moisture response and to
investigate its distribution along the soil profile for different land
covers. In the following, we present the derivation of these indices in
detail.

The degree of soil moisture response to a rainfall event has been
analyzed by numerous soil moisture indices. For instance, McColl et al.
(2017) developed a soil moisture index in which only the positive soil
moisture increments during a rainfall event are considered. On the
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other hand, Liang et al. (2011) analyzed the maximum change in soil
moisture during rainfall events by summing up the positive and nega-
tive soil moisture increments during a rainfall event. In our analysis, we
define the absolute accumulated increase in soil moisture at each
measurement location as follows:

i ET j
ASWI = str AG, &)
with
28], = {AG/, a6/ >0
0, AG/ <0 ()

where A6/ = 6/,,, — 6/, 6/ is the volumetric soil water content (vol.%)
at the time ¢ of the jth rainfall event, At is the measurement interval
(30 min), ST and ET are the start and end time of the jth soil wetting
event, and ASWI is the accumulated soil water increment for a soil
wetting event (i.e. the ASWI derived from the event shown in Fig. 4 for
layers 1 and 2 is 17.47% and 3.06%, respectively). ASWI was calculated
for all soil wetting events and for all measurement locations and sub-
sequently aggregated across the stations for each land cover type. In
addition, we calculated the ratio of ASWI between adjacent soil layers
(RSWI) for the corresponding soil wetting events as:

RSWI/ (%) = 100 X ASWI/ ,/ASWI} 3)

where i represents the soil layer (i = 2, 3, 4, 5), ASWI/ , and ASWI/ are
the accumulated soil water increments of layers i — 1 and i during the
period of the j th soil wetting event at layer i, respectively. The RSWI of
layer 2 for the event shown in Fig. 4 is 17.54%.

The rate of soil wetting is a quantitative index which has been used
to characterize the type of infiltration process (Lozano-Parra et al.,
2016), and for the calibration of soil hydrology models (Green and
Erskine, 2011; Laio et al., 2001). It considers the maximum and mean
slope of the soil wetting curve and is based on the time derivative of the
soil water increase:

e[+A[ - sl
Simax = Max(100 x —LHAL 7t
o = max( s @
Bria0 — 6
Smean = mean(100 X %) )
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where S, and Speqn are the maximum and mean rate or slope of a soil
wetting curve (100 X Avol. %/min), respectively. The Syax and Spean
derived from the event shown in Fig. 4 for layer 1 is 34.96 and 3.88,
respectively, while they are 0.81 and 0.44 for layer 2.

According to Sun et al. (2015), the temporal pattern of soil wetting
during the infiltration event can be divided into the period between the
start of a rainfall event and the start of the corresponding soil moisture
response (also known as the soil moisture response time) and the period
of soil moisture increase (i.e. the duration of the soil wetting event).
Quantitative descriptions of these two periods can provide new insights
into the temporal patterns of the soil wetting process along a soil pro-
file.

The difference of the soil moisture response time (DRT) between
two adjacent soil layers was evaluated to characterize the temporal
delay of the soil wetting events with depth (Sun et al., 2015; Li et al.,
2015b; Germann and Hensel, 2006). It is calculated as:

DRT, = ST, — ST,_, (6)

where ST,_; and ST; are the response times of layer i — 1 and i to a
rainfall event (i = 2, 3, 4, 5), and DRT; is the difference of the response
times (hour). The DRT for the event shown in Fig. 4 is 0.5 h for layer 2.
The duration of the soil wetting process (h) for a specific soil layer is
calculated as:

Duration; = ET; — ST; ()]

where ETj and ST} are the end and start time of the jth soil wetting event
for a specific soil layer. The duration of the event shown in Fig. 4 is
7.5h for layer 1 and 11.5h for layer 2.

Finally, based on the increment of soil wetting event, the accumu-
lated soil storage increment (ASSI) for different layers under different
land covers were calculated as:

ASSI; = ) ASWI xd; ®)

where ), ASWI, is the sum of the accumulated soil moisture increment
(vol. %) at layer i, d; (mm) is the corresponding measurement range of
layer i (dy,d,, d, dy, ds is 100, 100, 100, 200, 200 mm, respectively,
according to the installation depths of the sensors). Furthermore, the
ratio between the ASSI of a specific layer and the sum of ASSI of the
profile was calculated to normalize the vertical distribution of ASSI
along depth. ASSI is the overall result of the partitioning of infiltration
propagating through soil profile of 0-70 cm during the study period
(Moran et al., 2010; Lozano-Parra et al., 2016).

2.7. Virtual simulations of soil moisture dynamics

The influence of land cover on soil moisture dynamics can be at-
tributed both to plant characteristics (e.g. rooting depth, interception
storage etc.) and soil properties that have developed in coevolution
with vegetation (Jenny, 1994). Here, we use virtual simulations of soil
moisture dynamics with the process-based soil hydrological model
HYDRUS-1D (Simunek et al., 2005) to explore their individual roles in
controlling the pattern of soil moisture dynamics. In addition, the vir-
tual simulations serve to test the applicability of the indices used in this
study. The sensitivity analysis included two different scenarios: (1) si-
mulations of soil moisture dynamics with different soil properties but
with the same crop parameters; (2) simulations with different crop
parameters but with the same soil properties. Both scenarios were si-
mulated using the same meteorological data.

The modified Richards equation as implemented in HydruS-1D
(Simunek et al., 2005) was used to simulate soil moisture dynamics for
the two scenarios. The soil hydraulic parameters were derived by fitting
the measured soil retention curve to the Mualem-van Genuchten model:

8(h) = {6

65— 6r
r+ [1 + lechin ™

6h>0

h<0
(C)]
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K(h) =KsSH1 — (1 — S/™ymp (10)
S, = 6 -6,

o, — 6 an
m=1-1/n, n>1 12)

where 6, and 6, are the saturated and residual water content (cm®/cm?),
respectively, h is the pressure head (cm), a (1/cm) and n are empirical
coefficients (which are related to the air-entry value and the pore-size
distribution index, respectively), and Kg is the saturated hydraulic
conductivity.

As none of the soil moisture stations includes meteorological mea-
surements, we used data from a nearby meteorological station (11 km
away from the scrubland soil moisture station) as climate forcing for all
simulations. The potential evapotranspiration was calculated by the
Penman-Monteith equation within HydruS-1D. The soil profile was
discretized into six materials (five soil layers matching the observations
within 0-0.7 m plus a soil layer extended from 0.7 to 2 m with the same
soil properties as layer 5). The lower boundary condition of HYDRUS-
1D was set to free drainage since the soil overlays a fractured rock
system (Yao et al., 2017). The Feddes model was used for root water
uptake simulations (Feddes et al., 1978), and the vertical root dis-
tribution was parameterized based on an empirical root distribution
(Hoffman and van Genuchten, 1983) and the measured rooting depth
(Simunek et al., 2005). The interception constant for specific land
covers were obtained by dividing the daily interception thresholds by
the LAI (Wang et al., 2018). The interception thresholds were obtained
from the results of literature values reported for the Qilian Mountains
(Liu et al., 2012, 2013). Both soil properties and crop parameters did
not change during the simulation.

In the simulation of scenario (1), HYDRUS was applied to simulate
the soil moisture dynamics of the eight soil moisture stations using the
measured soil properties of each station, and using the same crop
parameters (for scrubland). For scenario (2), HYDRUS was applied to
simulate soil moisture for five land cover types with their respective
crop parameters using the same soil properties (soil of scrubland). Sy«
and Duration were calculated from the simulated soil moisture to show
the applicability of the indices. The soil properties and crop parameters
used in the simulations are shown in the supplemental material (Tables
Al and A2 in Supplementary material).

2.8. Statistical analysis

Descriptive statistics (maximum, minimum, mean and coefficient of
variation (CV)) were computed for all indices and the effect of different
land covers on the indices were tested using a one way analysis of
variance (ANOVA) (a = 0.05). Least Significant Difference (LSD) was
used as a post-hoc-test for multiple comparisons of means (o = 0.05).
Box-plots were used to display the distribution of index values between
different layers and land covers (McGill et al., 1978), and when notches
do not overlap, the medians can be judged to differ significantly
(Muenchen, 2011; Krzywinski and Altman, 2014). The statistical ana-
lysis was conducted using the SPSS statistical package (SPSS 18.0, SPSS
Inc., Chicago, USA) and MATLAB (MathWorks, Inc., Massachusetts,
USA).

3. Results

The discriminated soil wetting events at each measurement location
during the growing season of 2014-2016 are summarized in Table 2.
Overall, we found 1783 events, of which 48% occurred in the first soil
layer and 24% occurred in the second layer. As there is only one soil
moisture station each for the scrubland and meadow and there are two
stations for each of the other three land covers, the soil wetting events
at each station were aggregated within the same land cover to analyze
the patterns of soil wetting events under different land covers in the
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study area. We analyzed the soil wetting events with the indices de-
scribed earlier, and this analysis is summarized in Table 3.

3.1. Profile distribution of the increment of soil wetting event (ASWI) under
different land covers

Figs. 5 and 6 show the box-plots of the derived ASWI and RSWI
values for the specific soil depths and land cover types, respectively.
Generally, ASWI decreased with depth and RSWI is below 100% in most
cases, which suggests a decreasing soil moisture response with in-
creasing soil depth. Furthermore, the RSWI increased with depth in
most cases, suggesting that the dampening effect also reduced with
depth. The box plots of ASWI and RSWI show different reduction pat-
terns along depth for different land covers (Figs. 5 and 6).

The scrubland shows a similar degree of soil moisture increase along
the soil profile, only with a significantly decrease of ASWI at layer 3
(p < 0.05), which may be related to the lower Ks of layer 3 (Fig. 3). At
the same time, the scrubland has the highest RSWI along the soil profile
amongst all land covers, with a median higher than 50% for layers 2
and 3, and a median above 100% for layers 4 and 5. Moreover, the
scrubland also shows the highest number of soil wetting events in the
deeper layers (Table 2), indicating that soil covered by the scrubland
exhibits a less dampened soil moisture response. This is attributed to
the well-developed root system, which is associated with better con-
ditions for infiltration (Fig. 3) (He et al., 2012; Tian et al., 2017).

The soil moisture measurements for the meadow show a decline of
ASWI from layer 1 (with a median of 4.3vol. %) to layer 2 (with a
median of 1.1vol. %), which is significant at p < 0.001, with the
corresponding lowest RSWI (with a median of 17%) at layer 2. This also
led to higher soil water contents in layer 1 (Fig. 2). The high RSWI at
layer 5 (with median of 77%) can be partly affected by the accumula-
tion of lateral flow from the upslope, as this soil moisture station is
located at the bottom of a slope. These findings indicate that the
meadow stations show a significantly higher degree of soil moisture
response from layer 1 to layer 2, while there are no significant differ-
ences from layer 2 to layer 5.

The High coverage grassland (HCG) and Medium coverage grass-
land (MCG) also show a significantly different degree of response along
depth, while the barren land has a similar degree of response along
depth. The HCG has a lower RSWI than the MCG in the shallow soil
layers (median of 26% versus 61% at layer 2), while the HCG has a
higher RSWI for the deep soil layers than the MCG (median of 57% and
41% of layer 5 for the HCG and MCG, respectively). In addition, the
extreme values of ASWI are more frequent along the profile for the HCG
than the MCG and barren land. This indicates that the grassland stations
with more vigorous vegetation consume more water in the shallow soil
layers, and have a better capacity to transfer water into deeper soil
layers.

Overall, the results of the multiple comparisons show a similar de-
gree of soil moisture response along depth for the scrubland (p > 0.01)
and barren land (p > 0.05), suggesting a slightly dampened pattern of
response amplitude for these two land covers. In contrast, the meadow,
HCG and MCG stations show a heavily dampened soil moisture re-
sponse amplitude with depth (p < 0.01), which is strongest for the
meadow station.

3.2. Profile distribution of the rate of soil wetting (Smax, Smearn) for different
land covers

In Fig. 7, both the maximum and mean rates (Syax and Spean) of the
five soil layers are shown for all five land covers. As the rates vary in a
wide range, box plots of Syax and Spean are shown with a logarithmic
axis. Results of Welch’s ANOVA showed an overall significant reduction
(p < 0.01) of rate with depth for all the land covers. The maximum
and mean rates of soil moisture increase showed a similar variation
with depth under the same land cover.
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Table 2

The recorded number of soil wetting events at each soil layers of the soil moisture stations.
Layer scrubland meadow HCG1 HCG2 MCG1 MCG2 Barren land1 Barren land2 Sum
layer1 160 155 113 78 87 57 77 95 822
layer2 129 82 41 47 59 24 25 28 435
layer3 110 44 27 24 32 16 6 11 270
layer4 65 9 19 16 15 7 2 7 140
layer5 78 8 12 8 2 4 0 4 116
Sum 542 298 212 173 195 108 110 145 1783

Note: there were gaps in each soil moisture stations, as mentioned in 2.2. HCG and MCG represent high coverage grassland and medium coverage grassland,

respectively.

Table 3

The descriptive statistics (Mean =+

STD) for the indices of specific layers under different land covers.

Index Shrub Meadow HCG MCG Barren land
ASWI1 3.3 = 3.37 52 + 4.22 5.39 + 5.36 5.01 * 3.79 4.54 + 3.86
ASWI2 2.72 = 2.65 1.64 = 1.48 3.61 = 3.81 4.33 + 3.58 491 = 3.17
ASWI3 2 + 1.99 0.95 + 0.71 2.62 + 3.45 3.43 + 2.93 4.07 + 3.59
ASWI4 2,65 + 2.72 0.86 + 0.54 29 *+ 516 3.61 + 3.38 3.35 + 2.58
ASWI5 2.31 = 2.19 0.61 = 0.29 2.75 = 5.71 2.32 = 1.04 3.56 = 2.33
RSWI2 80.28 + 49.47 19.08 + 9.93 30.72 + 23.52 68.26 + 31.27 46.78 + 16.77
RSWI3 83.02 + 75.37 35.96 + 13.84 41.21 * 21.2 60.91 + 33.54 42.39 + 25.17
RSWI4 127.93 + 85.65 44.49 = 30.75 65.74 = 41.29 61.49 + 32.55 49.7 + 13.39
RSWI5 99.9 + 40.03 87.16 + 45.36 53.92 + 25.63 39.79 + 16.93 67.87 + 30.25
Smaxl 2.73 + 291 6.6 + 5.61 4.78 + 7.37 3.99 + 5.08 3.47 + 4.01
Smax2 1.72 £ 1.5 1.62 + 2.27 2.82 + 6.87 2.48 + 2.6 1.67 = 2.36
Smax3 0.85 = 0.86 0.42 + 0.37 2.53 + 8.03 0.77 + 0.83 0.37 = 0.14
Simax4 1.06 = 1.49 0.31 + 0.48 4.47 + 12 0.45 + 0.53 0.2 += 0.1
Simaxd 0.81 + 1.09 0.28 + 0.4 5.33 + 18.31 0.13 + 0.02 0.22 + 0.08
Smeanl 0.93 * 0.79 2.64 + 2.51 1.6 + 2.19 1.33 + 2.27 1.15 + 1.25
Smean2 0.68 + 0.52 0.63 + 0.73 1.07 + 3.2 091 + 1.22 0.6 + 0.48
Smean3 0.36 + 0.35 0.22 + 0.15 1.2 + 3.74 0.33 + 0.19 0.18 + 0.02
Smean4 0.45 + 0.55 0.13 + 0.04 2.27 + 5.96 0.2 + 0.11 0.15 = 0.01
Smeand 0.34 = 0.37 0.18 + 0.16 1.93 = 6.51 0.13 = 0.02 0.15 = 0.01
DRT2 0.66 + 0.77 2.49 + 2.65 7.24 * 9.37 7.4 + 14.33 14.61 = 14.83
DRT3 1.25 = 1.37 242 + 2.74 6.33 * 6.84 18 + 20.58 68.24 + 67.28
DRT4 3.01 £5 9.78 + 7.77 717 = 7.59 44.64 = 34.09 104.28 *= 96.6
DRT5 0.3 + 1.15 7.88 + 7.52 8.71 + 9.09 71.5 + 43.65 140 + 72.39
Durationl 8.79 + 7.93 7.79 = 10.9 18.69 + 31.03 16.29 = 18.14 26.08 + 47.2
Duration2 10.1 + 8.24 12.38 = 12.61 35.62 + 50.75 29.97 + 42.32 63.52 * 79.5
Duration3 14.57 = 11.83 19.25 + 149 58.03 = 89.35 49.67 * 46.17 202.86 = 159.71
Duration4 21.18 + 19.93 46.06 + 23.48 64.76 + 98.54 184.53 + 119.69 309.81 + 217.06
Duration5 21.96 * 19.8 34.57 = 23.15 88.45 * 119.44 313.75 * 167.12 316.63 + 90.56

Note: HCG and MCG represent high coverage grassland and medium coverage grassland, respectively. ASWI, RSWI, DRT, S,.x and Spean represent the indexes of the
increment of soil wetting event, ratio of ASWI between adjacent soil layers, difference of the soil moisture response time, maximum and mean slope of the soil wetting
curve, respectively. The number of 1, 2, 3, 4 and 5 after specific indices represents layers 1, 2, 3, 4 and 5, respectively. HCG and MCG represent high coverage

grassland and medium coverage grassland, respectively.
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The scrubland showed the highest rate for the deep soil layers (with
a median of 0.5 of S;,,.x at layer 5, supposing a variation of 0.15 vol. %
in 30 min at layer 5). This is attributed to the fact that the scrubland has
more macropores and higher Ks (Fig. 2). The meadow showed the
strongest reduction in rate from layer 1 (with a median of 4.86, S,.x) to
layer 2 (with a median of 1.2, S,,.%), similar to the variation of response
degree.

The HCG showed a significant higher rate at layer 1 (median of 2.4,
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axis for graphical purposes to see the variation
of SWI with depth for different land covers. Q1
and Q3 are the first and third quartile, IQR is
the interquartile range (IQR = Q3 — Q1).

Barren land

matching a variation of 0.72vol. % in 30 min, S..,), followed by a
stably lower range of rates from layer 2 to layer 5 (median varied from
0.14 to 0.78, Siax)- Unlike the degree of soil moisture response (ASWI),
the rate of soil moisture increase showed a significant reduction from
layer 1 to layer 3 for the MCG and barren land. This indicates that the
MCG and barren land have a similar response amplitude but a different
response rate along depth. Similar to ASWI, the extreme values of the
rate are more frequent along the profile for the scrubland and HCG than
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Fig. 6. Profile distribution of Ratio of SWI (RSWI) for different land covers. The different lowercase letters show a significant difference among different soil layers
under a specific land covers (p < 0.05). (b) The result of RSWI of all layers along profile for different land covers.

for the MCG and barren land, corresponding to the increasing vegeta-
tion degradation (Fig. 7).

3.3. Profile distribution of temporal pattern of soil wetting event under
different land covers

The temporal patterns of the soil wetting process at a specific layer
along the profile are presented as the vertical variation of the response
time and the duration of the wetting process in Figs. 8 and 9 and
Table 3.

3.3.1. Profile distribution of the response time under different land covers

The results presented in Fig. 8 show that the differences in the re-
sponse time (DRT) ranged from negative values (indicating preferential
flow; Wiekenkamp et al., 2016; Lin and Zhou, 2008) to as large as 270 h
in the barren land. The vertical distribution of DRT for different land
covers is different to that of ASWI and rate (Fig. 8). The average DRT for
each land cover increased in the order of scrubland (with a median
value for the whole profile of 0.5h), meadow (2h), HCG (4 h), MCG
(7.5h), and barren land (16.5h), again corresponding to the degree of
vegetation degradation in the study area (Fig. 8). The DRT increased
significantly with depth for all the land covers except the HCG (Fig. 8).

The negative DRT along the profile in combination with the high
RSWI (around 100%) and the relatively high rate of soil moisture in-
crease along the profile indicates that the scrubland is influenced by
preferential flow along the profile through biological macropores
(worm holes or root remnants, with a range of rooting depth > 70 cm).
In the soil profiles under meadow, bypass flow was not observed be-
tween layer 1 and 2 (as the DRT2 is larger than 0 h), possibly due to the

a

presence of the “mattic” epipedon. For MCG, bypass flow is more fre-
quent between layers 1 and 2, and this occurrence of bypass flow co-
incides with the observed range of rooting depth (within 25cm ac-
cording to the field survey, Tian et al., 2017). Bypass flow was still
observed for layer 4 under HCG, which also coincides with the observed
range of rooting depth (within 40 cm). In contrast, bypass flow was not
observed under barren conditions (with a minimum DRT of 0.5h for
layer 2, Fig. 8).

3.3.2. Profile distribution of the duration of soil wetting process under
different land covers

The vertical pattern of duration showed a wide range of time scales
for the soil wetting events under different land covers, and it varied
from a median value of 6.5h to 170 h (Fig. 9). The scrubland showed
relatively homogenous soil wetting duration along the soil profile with
a median value of 6.5 h in the first two layers and around 14 h in layers
3 to 5. In contrast, the wetting duration of the meadow soil profile is
non-uniform, ranging from 3.5h (median) in the first layer to more
than 40h (median) in the deeper soil layers. For HCG, the wetting
duration extended from 8h to 46h (median value) with increasing
depth. This pattern was also found for MCG and barren land, and was
even more pronounced with about 10 h (median) in the first layer to a
long time scale of over 130h (5 days, median) in the deep layers
(Fig. 9).

In summary, our results indicate that the duration of soil wetting
events in the Qilian Mountain region can last from a few hours to
several weeks depending on land cover, soil depth and soil properties.
Also, the amplitude, rate and DRT of the soil wetting events varied with
land cover types, soil depth and soil properties.
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Fig. 7. Profile distribution of S;.x and Syean for different land covers. Spyax and Spean are box plotted with lognormal distribution to clearly display the entire
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3.4. Profile distribution of the accumulated soil wetting events under
different land covers

From the proportion of ASSI (Fig. 10 (c)), we can see that the first
layer showed the highest proportion along the profile for all the land
covers. The highest value of 80% was found for the meadow, the lowest
value of 30% for the scrubland, and 50-65% for the other land covers.
The results also show that the scrubland has a relatively even dis-
tribution pattern of the proportion of ASSI with depth, while the ac-
cumulated proportion of ASSI in the upper soil layers increased from
HCG (with an accumulated proportion of 82% at layer 3), MCG (87%)
to barren land (95%). These results indicate that the active soil depth
involved in the infiltration processes decreased with vegetation de-
gradation in the study area, except for the meadow.

This can also be seen from the number of soil wetting events. The
scrubland showed a stable reduction of the number of soil wetting
events with depth, while the barren land showed a high proportion
(more than 65%) of soil wetting events in layer 1. The meadow, HCG,
and MCG had a percentage of nearly 50% of the soil wetting events
recorded at layer 1 (Fig. 10 (d)). At the deepest layer, the percentage of
the recorded soil wetting events decreased in the following order:
scrubland (11.4%), HCG (5.8%), meadow (2.9%), MCG (2%), and
barren land (1.6%), corresponding to the decrease of the rooting depth
of the different land covers, suggesting that land covers with a deeper
root zone have more soil moisture response events at deep layers.

3.5. Simulation of the effect of land cover on soil wetting events

Based on the results above, the profile pattern of soil wetting events
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(increment, rate, DRT and duration) was influenced by different land
covers. However, as stated above, the influence of land cover on soil
wetting events can be the combined effect of both the different plant
characteristics and soil properties that have developed in coevolution
with vegetation, which cannot be distinguished from the observations
only. Thus, the individual roles of plant characteristics and soil prop-
erties in regulating the soil wetting events were further explored
through the sensitivity analysis using HYDRUS-1D.

3.5.1. Model validation

A comparison of the measured and simulated soil moisture for the
scrubland is used to validate the simulation results (Figs. A1 and A2 in
Supplementary material). We only validated for scrubland as this sta-
tion is relatively close to a meteorological station (11 km), while the
distance between meteorological stations and the other soil moisture
stations is much greater. Given the strong variability of precipitation in
this mountainous area, the validation for other stations was deemed to
be unreliable. The correlation coefficient and RMSE for layer 1 (0.65,
0.048), layer 2 (0.67 and 0.045), layer 3 (0.67 and 0.069), layer 4 (0.81
and 0.029) and layer 5 (0.89 and 0.031) indicate a relatively good fit.
Although there is bias between the measured and simulated soil
moisture, the HYDRUS-1D model was able to simulate the soil moisture
trends reasonably well. An important reason for the remaining differ-
ence is the still considerable distance between the meteorological and
the soil moisture station (11km). A further explanation for the re-
maining deviations could be related to the strong heterogeneity of soil
hydraulic properties under scrubland (Rossi et al., 2018).

To further validate the simulation results, the profile distribution of
soil wetting events (SWE) for the observed and simulated time series
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the soil wetting events and its accumulated
proportion.



J. Tian, et al.

were also compared. Fig. A2 shows that both the profile distribution of
the proportion of SWI and ASSI were higher for the simulations (45%,
proportion of SWE number at layer 1) than for the observations (31.3%)
in the surface layer, and lower for the simulations (6% at layer 5) than
for the observations (11%) in deeper layers. Similarly, the comparison
of the pattern of SWE also showed a higher S,.x and Syean for the si-
mulations than for the observations at the surface layer, while S, and
Smean for the simulations were again lower than the observations in the
deeper layers. The profile distribution of Duration was similar to Syax
(Fig. A2).

In summary, a higher amount of soil wetting events with a higher
velocity of the observed soil wetting process was found in the observed
time series. These results indicate that the model underestimates the
water transferability especially at greater depths. This could be attrib-
uted to the influence of preferential flow, which was observed at deeper
depths (from DRT at layer 5, Fig. 8) but not explicitly accounted for in
the HYDRUS1D simulations. Despite this shortcoming, the general
characteristics of the soil wetting dynamics are reasonably reproduced
by the model and thus can be used for sensitivity analyses.

3.5.2. Sensitivity analysis
The result of the sensitivity study using HYDRUS-1D simulations for
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the two scenarios is presented in Figs. 11 and 12 (the simulated time
series of the two scenarios are shown in Figs. A3 and A4 in the Ap-
pendix). For scenario (1) with the influence of different profile soil
properties (Fig. 11), the indices showed different profile patterns in
both Duration and S,ax. Smax decreased with depth in different ways for
all model runs except the barren land, while the Duration increased
with depth in different ways except for the barren land. For the barren
land, the increase of S,.x at layer 4 is attributed to the increase of Kg
from layer 3 (0.4 cm/hour) to layer 4 (1.7 cm/hour). The different
profile distribution of S, and Duration reflect the control of soil
properties on soil water dynamics, which varied considerably between
each soil profile (Table Al).

For scenario (2) with the influence of different crop parameters
(Fig. 12), both S.,.x and Duration showed a similar variation with depth
for different land covers. Despite the different plant parameters for each
land cover types, Syax decreased and Duration increased with depth for
all land cover types. Furthermore, S,.x at deeper depths decreased for
several vegetation types at layer 5: scrubland (with a median value of
0.4), HCG (0.22), MCG (0.2) and meadow (0.17). Apparently, the value
of Spax at layer 5 seems to be related to the rooting depth (Table A2),
i.e. with decreasing rooting depth, the value of S,.x for layer 5 de-
creases.
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Fig. 11. Box plots of indices of Snax (a), and Duration (b) calculated from the simulated soil moisture under the different soil properties with the same plant
parameters to test the influence of soil property on the pattern of soil moisture dynamics. X axis is soil layer.
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medium coverage grassland and barren land, respectively.

In summary, soil profiles with different soil hydraulic properties
(e.g. Ks, soil hydraulic properties) and the same plant parameters had
different profile patterns of soil wetting events (Fig. 11). However, the
profiles with different plant parameters and the same soil hydraulic
properties showed similar profile patterns of soil wetting events
(Fig. 12). Thus, the results of this sensitivity analysis using HYDRUS-1D
show that soil hydraulic properties are key factors in regulating the
profile patterns of soil wetting events.

4. Discussion
4.1. Response patterns of soil moisture dynamics under different land covers

Vegetation has been reported to alter soil hydrological processes,
e.g. the propagation of wetting fronts through soil profiles (Laio et al.,
2001). In our study, we investigated hydrological processes using long-
term measurements of profile soil moisture response during rainfall
infiltration under different land covers based on a set of indices (ASWI,
RSWI, Smax, Smeans DRT, and Duration) that may also be useful for
parameterization and validation of process-based soil hydrological
models.

Scrubland has been argued to enhance infiltration capacity (Li et al.,
2009; Sun et al., 2015; Jin et al., 2018) or reduce infiltration capacity in
soil profile (more root water uptake and interception for scrubland than
grassland, especially in the (semi-) arid area, Wang et al., 2008; Li et al.,
2013a; Lozano-Parra et al., 2015; Yu et al.,, 2017) through complex
interactions between the well-developed root system and soil water
(Moran et al., 2010). In our study, both the highest RSWI along the soil
profile and the highest rate in the deep soil layers were observed under
scrubland (Figs. 6 and 7). This indicates that scrubland soil exhibited a
more intensive soil moisture response, both in terms of degree and rate,
especially at deeper depths. In addition, the high value of the ASSI
index (Fig. 10) indicates that scrubland soil exhibited higher infiltration
capacity. On the other hand, the distribution of negative DRT revealed
the frequent occurrence of preferential flow (Lin and Zhou, 2008;
Wiekenkamp et al., 2016) in scrubland soils. This is attributed to the
well-developed root system of scrubland, which is associated with both
better soil hydraulic conditions (Fig. 3) for infiltration (He et al., 2012;
Tian et al.,, 2017) and formation of macropores that facilitate pre-
ferential flow (Li et al., 2009; Jin et al., 2018). Thus, in the hydrological
modelling for scrubland, the effect of preferential flow needs to be
considered to best represent the hydrological processes of scrubland.

The ‘mattic’ diagnostic epipedon typically found at soil depths of
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0-10cm in alpine meadow soils of the Tibet plateau is formed by
abundant roots and their long-term interaction with the soil (Zeng
et al., 2013; Zhi et al., 2017). We found that this layer can significantly
reduce the soil hydraulic conductivity (Fig. 3) and the soil moisture
response (e.g. ASWI and S« from layer 1 to layer 2, Figs. 5 and 7),
which was also suggested in other studies (Wang et al., 2007; Tian
et al., 2017). Accordingly, a scheme of “two soil layers with a low soil
hydraulic properties for the ‘mattic’ epidedon layer and a high one for
the deeper soil layer” was recommended in the soil hydraulic para-
meterization of hydrological modelling under meadow. This result is
also consistent with experiences from hydrological model para-
meterization for Alpine meadow soils (Della Chiesa et al., 2014).

The profile response patterns suggest that land covers with a deeper
root zone exhibit more soil moisture response events at deep layers in
the study area. This result coincides with other relevant studies in the
Tibet plateau (Sun et al., 2015; Yang et al., 2017). Thus, rooting depth
is an essential control on the transfer of rainfall infiltration into deeper
layers of Tibet plateau soils.

The profile distribution of Duration of the soil moisture increases
indicated that there is an accumulation of soil moisture in the deep
layers under MCG and barren land, which was also observed by Sun
et al. (2015) and Yang et al. (2017) for grassland in the Qilian Moun-
tains. The accumulation of soil moisture in deep layers was probably
related to the combined effects of the continuous rainfall pattern in the
study area (Sun et al., 2015; He et al., 2012; Yang et al., 2017) and the
lower Ks of the deeper soil layers (as shown in Fig. 3) that reduces
downward flow (Sun et al., 2015). In addition, the deeper soil layers are
not penetrated by roots and thus are less affected by evapotranspiration
processes (He et al., 2013; Wang et al., 2015; Broedel et al., 2017).

4.2. Assessing the quantitative indices for the soil wetting event pattern

There are many studies dealing with the response of soil moisture to
rainfall. However, most studies are based on a qualitative description
through visual inspection of time series of soil moisture (Kim, 2009; He
et al., 2012; Li et al., 2013a; Yu et al., 2015). For instance, Yu et al.
(2015) and Kim (2009) suggested the existence of an “inconsistent
impulse type” of soil moisture response to rainfall. In this study, we
evaluated several indices based on the amplitude, rate (Syaxs Smean) and
timing of response to characterize how the profile soil moisture re-
sponse responds to rainfall using 3-year time series of soil moisture
under different land covers.

The distribution of S,,,,x from the soils investigated in this study was
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consistent with results of Lozano-Parra et al. (2016) found in the region
of Extremadura, Spain. However, our station showed somewhat lower
values for Sp.x, which may be caused by the higher hydraulic con-
ductivity of the sandy loam soil at the Spanish site (Lozano-Parra et al.,
2016). Our Syean pattern also matched well with the results of Sun et al.
(2015) and Yang et al. (2017) in a small watershed within the Qilian
Mountains based on typical soil wetting events, indicating the validity
of our results. However, our study relies on the observed general pat-
terns of soil wetting events for five different land covers from longer soil
moisture records (3 years) at multiple stations.

DRT has been used for the identification of preferential flow
(Wiekenkamp et al., 2016). It increased significantly with depth for all
land covers except HCG in this study. This indicates that the velocity of
the wetting front reduced significantly as the infiltration front propa-
gated deeper into the soil (Green and Erskine, 2011; Yang et al., 2017;
Hardie et al., 2013). However, the occurrence of preferential flow might
be underestimated in this study due to the relatively long measurement
interval of 30 min. Previous studies have shown that preferential flow
may occur on time scales shorter than 30 min (Lin and Zhou, 2008;
Graham and Lin, 2011).

4.3. Virtual simulation of soil wetting events with HYDRUS-1D

In order to explore the individual roles of plant parameters and soil
properties in controlling the soil wetting events, which can’t be ob-
tained from data analysis only, the sensitivity analysis with two sce-
narios were conducted through HYDRUS-1D. Through the comparison
of the soil wetting patterns for two simulation scenarios, we found si-
milar response patterns of profile soil moisture for different plant
parameters and the same soil (Fig. A4 and Fig. 12), while we found
different response patterns when soil properties were varied for the
same land cover (Fig. A3 and Fig. 11). Thus, we conclude that soil
properties are a key factor for the regulation of the profile pattern of
soil moisture dynamics rather than the plant parameters. The im-
portance of soil properties in controlling soil moisture dynamics was
also reported in other studies based on hydrological modelling (Bertoldi
et al.,, 2014; Shi et al., 2015). In addition, our virtual experimental
analysis illustrated that the indices used in our study are suitable to
quantitatively describe and distinguish the patterns of soil moisture
dynamics.

However, land cover may not have been characterized sufficiently
in terms of physiological properties in the soil hydrological modelling
in this study. For instance, we used the same values for the physiolo-
gical parameters of the root water uptake model for all land cover types
due to the lack of more detailed information for the vegetation in the
study area. Furthermore, the vertical root distribution was para-
meterized using a general root distribution function in HYDRUS-1D
(Hoffman and van Genuchten, 1983) due to the lack of measured root
density profiles. Additionally, crop parameters were kept unchanged
during the simulation of HYDRUS (including LAI, rooting depth and
crop height). Due to this generalization, the effect of different vegeta-
tion types on the soil moisture response to evapotranspiration may have
been underestimated.

Topographic factors have been recognized as an important factor in
regulating soil moisture dynamics in Qilian Mountainous area (Zhao
et al., 2014). In this study, stations with only mild slopes were selected
to reduce such topography effects. However, the influence of topo-
graphy should be investigated in future studies using detailed slope
information, in situ observations and 2D or 3D hydrological simula-
tions.

5. Conclusions
Based on a 3-year long dataset obtained from a large-scale soil

moisture monitoring network in the upper reach of the Heihe River
Watershed, we quantitatively analyzed the patterns of the profile soil
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moisture dynamic response for different land covers from its response
amplitude, response rate and time. The main findings are:

(1) The scrubland, MCG and barren land have a slightly dampened soil
moisture response amplitude along the soil profile, while the
meadow and HCG have a heavily dampened response amplitude.
The rate of soil moisture increases reduced significantly with depth
for all the land covers, except for the HCG.

(2) The different land covers have significantly different temporal
patterns of the profile soil moisture dynamics response. The vertical
variation of transmit time for the wetting front advancing through
the adjacent layers coincides with the extent of the root zone for the
different land covers. In addition, soil wetting events can last from
hours to weeks for different soil layers of different land covers.

(3) Preferential flow occurred mostly in soils covered by scrubland.

(4) Overall, scrubland has an evenly distributed soil moisture retention
capacity along the profile, whereas the major soil moisture reten-
tion capacity is concentrated in the top soil for other land covers,
especially the meadow. The water transferability was found to be
higher in deeply rooted soil.

(5) After separating the influence of plant parameters and soil prop-
erties on profile patterns of soil wetting events, soil hydraulic
properties was found to be the key factors explaining the observed
differences in soil moisture responses.

The indices used in this study can be used to quantitatively describe
the patterns of profile soil moisture dynamics for different land covers,
and to provide new insights into the different soil hydrological regimes
under different land covers. They can also supply important informa-
tion for effective model parameterization and validation, and thus im-
proving ecohydrological modelling studies in data-scarce mountainous
watersheds.
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