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Abstract

The Temporal stability of soil moisture (TSSM) is an important factor to evaluate the
value of available water resources in a water-controlled ecosystem. In this study we
used the evapotranspiration-TSSM (ET-TSSM) model and a new sampling design to
examine the soil water dynamics and water balance of different land uses/cover types
in a hilly landscape of the Loess Plateau under a finer spatiotemporal scale. Our pri-
mary focus is to examine the difference among soil water processes, including the
wet-to-dry (WTD) process triggered by precipitation and the dry-to-wet (DTW) process
caused by radiation among varied land uses/cover types. Three vegetation types and
bare land were selected in the sampling scheme. For each land uses/cover type, four
microplots (60cm x 60cm) were established, and the soil moisture was measured at
the central point (CP) and four ambient points (AP). The results indicated that (1) the
bare land (plot1) was sensitive to the influence of rainfall and radiation compared with
other land uses types; (2) Andropogon (plot2) and Spiraea pubescens (plot4) more
efficiently represented the average soil moisture of the different land uses/cover in the
WTD and DTW processes, respectively, in the CP position. In contrast, the bare land
and Artemisia coparia (plot3) seemed to be more representative of the average soil
water content in the AP position; (3) the ET-TSSM model demonstrated that, in the
WTD processes, although Spiraea pubescens land use reached the net deficit of the
soil water storage condition was longest, the vegetated land uses have a higher capac-
ity of water consumption than bare land and more easily affected the serious condition
of the soil water deficiency at the end of WTD processes. We concluded that a finer
spatiotemporal scale in the TSSM study could be a new method to describe the effect
of plant on soil moisture dynamics triggered by precipitation or radiation and that the
improvement of the application of the TSSM-based model to hydrological processes
could be a promising research subject in the future.
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1 Introduction

Soil moisture is one of indispensable stress factors to have a far-reaching effect on
the hydrological process in water-controlled ecosystems (Noy-Meir, 1973). Especially
in arid and semi-arid regions (e.g., the Loess Plateau, China), exploring the influence
of the soil water on the hydrological cycle of the soil-plant-atmosphere continuum is
crucial to the investigation into available water resources. As an exploratory method to
describe the temporal distribution of the soil water content, the temporal stability of soil
moisture (TSSM) was defined as the time invariant association between spatial location
and statistical parametric values based on the probability density function of the soil
water (Vachaud et al., 1985). The introduction of the TSSM concept into hydrological
studies supplied a comprehensive understanding of the soil moisture dynamic change
with different temporal scales, but it also likely offered a new method to evaluate and
analyze the value of the soil moisture on water-limited ecosystems.

The TSSM was initially used to optimize uniform and sufficient spatial sampling
points of the soil water content to reduce the level of uncertainty of the soil water distri-
bution estimation at the watershed scale (Vachaud et al., 1985; Van Pelt and Wierenga,
2001). Therefore, coarser spatial scales of the TSSM studies were first systemically in-
vestigated. These ranged from multiple investigated fields scales (300 m? per field)
(Brocca et al., 2010) to hillslope scales (approximate 900 m2) (Coppola et al., 2011)
or from watershed scales (610km? and 1285 km? respectively) (Martinez-Fernandez
and Ceballos, 2003; Starks et al., 2006) to landscape scale (Martinez-Fernandez and
Ceballos, 2003). Based on the characteristics of the TSSM'’s response to coarser spa-
tial scales, the topography (Brocca et al., 2009, 2007), soil texture (Cosh et al., 2006;
Gao and Shao, 2012; Pachepsky et al., 2005; Starks et al., 2006), precipitation and
vegetation type (Brocca et al., 2009; Jia and Shao, 2013; Mohanty and Skaggs, 2001)
were summarized as the main influencing factors of the TSSM.

Second, the integration of the TSSM and mathematical statistics method became the
main application of the TSSM to calibrate the accuracy of soil moisture remote sensing
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data in large spatial scales. Combining the TSSM with a remote sensing technique
(Jacobs, 2004; Martinez-Fernandez and Ceballos, 2003; Mohanty and Skaggs, 2001)
effectively promoted the precision of the soil moisture estimation, and the introduction
of other mathematical analysis tools — the geostatistical method (Brocca et al., 2009),
spatial autocorrelation technique (Coppola et al., 2011) and wavelet coherency analy-
sis algorithm (Biswas and Si, 2011) — into the TSSM concept also further expanded its
applicability to estimate the soil moisture distribution.

To sumarize, three elements, including a uniform sampling strategy, coarser spatial
scale and aim to improve soil water estimation, constituted the fundamental analy-
sis methodology and main application of former TSSM studies, and they also supple-
mented the temporal characteristics of the available soil water resources with spatial-
based ecohydrological studies in a water-limited ecosystem. However, the coarser spa-
tial scale of the TSSM investigation likely neglected some important temporal informa-
tion of the soil moisture existing at finer spatial scales (e.g., single-plant scale). Never-
theless, the TSSM at the single-plant scale could reflect the characteristics of the water
dynamic mechanisms operating in the soil and plant environments with time. In prac-
tical terms, comprehensively understanding these mechanisms was greatly significant
for the strategy of vegetation layout in water-controlled ecosystems, and from a the-
oretical view, exploring the causes of these mechanisms has become a challenging
issue for certain related interdisciplinary research fields (Newman et al., 2006).

In addition to downscaling the coarser spatial scale to a finer scale, if we applied
the TSSM’s features in the finer scale with different land uses to the corresponding
hydrological process analysis, a new method to assess the water conservation or loss
effect taken by the various plants or land cover in terms of evaluating the corresponding
temporal fluctuation of the soil moisture, could be supplied or could provide additional
parameters for some process-based hydrological models to interpret the role played by
plants in the water cycle in arid and semi-arid areas. Consequently, a new experimental
design that was distinct from uniform sampling was also needed, because the soll
moisture sampling design should be appropriate for both the interspersion of a finer
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spatial scale and the observation of hydrological processes in different land uses. In
conclusion, three elements being different from former TSSM studies constituted the
main study framework in this paper. They were hydrological-based sampling strategy,
finer spatial scale of different land uses/cover and the purpose of exploring the new
method to analyze hydrological processes through TSSM characteristics.

Specifically, as our study region, the Loess Plateau was an ideal experimental en-
vironment (Chen et al., 2010; Gao et al., 2011; Qiu et al., 2001; Wang et al., 2013)
in which the spatiotemporal variability of soil moisture has been extensively studied
(Shao et al., 2010; Tian and Peng, 1994). The previous TSSM studies mainly con-
centrated on the characteristics of the TSSM of the main vegetation types, including
grassland, shrubland and other land uses at the watershed scale (Gao and Shao, 2012;
Hu et al., 2010; Jia and Shao, 2013). However, the characteristics of the TSSM of other
vegetation types at finer spatial scales have been less studied. In this paper, we se-
lected 12 typical vegetation microplots and 4 bare microplots distributed on a specific
hillslope randomly as research objects. Employing a soil water sampling scheme that
combined the TSSM with specific hydrological responses, we compared the TSSM of
the bare patch with that of vegetation, and analyzed the probable influencing factors of
the TSSM under the finer spatial scale condition. Our objective was to explore a new
method to evaluate the ecohydrological effect of different land uses/cover in the Loess
Plateau.

2 Material and methods
2.1 Description of study area

The experiment was conducted in the Yangjuangou Catchment (36°42' N, 109°31' E,
2.02 kmz) which is located in the central part of the Loess Plateau (Fig. 1a). The eleva-
tion of the Yangjuangou Catchment ranges from 1050 m to 1298 m, and its slope gradi-
ents mainly change between 17.6 % and 57.7 % (Liu et al., 2012). Its climate is primarily
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influenced by the North China monsoon. The precipitation displaying significant inter-
annually variability (Liu et al., 2012) mainly occurs between June and September and
totals approximately 535 mm per year (Gao et al., 2012). Loessal soil was the main
soil type in the Yangjuangou catchment, it has a weak structure and high erosional
sensitivity to water (Gao et al., 2012; Li et al., 2003; Wang et al., 2009). The domi-
nant vegetation types include Stipabungeana (Andropogon), Hippophae rhamnoides,
Artemisia scoparia, Piraea pubescenset and Prunus armeniaca var. ansu (Shao et al.,
2010). Due to the wide implementation of the Grain-for-Green program in the Loess
Plateau since 1998, the Yangjuangou Catchment was also planted with a large amount
of artificial vegetation — such as Robinia pseudoacacia Linn, Platycladus orientalis,
Lespedeza davurica, and Amorpha fruticosa.

2.2 CP/APs sampling schemes

We designed 16 microplots (60cm x 60cm each) representing 4 different land
uses/cover which include bare land cover (plot1), Andropogon (plot2), Artemisia co-
paria (plot3), and Spiraea pubescens (plot4) (Table 1). All of the plots are distributed
along one southwest—northeast aspect hillslope located in the middle part of the catch-
ment (Fig. 1b). The sampling points of the soil moisture in all microplots were arranged
in terms of two types: (1) a central point (CP) per plot, which was mainly sited on or
near the base of each vegetated microplot (plot3 and 4) or in the middle of the other
microplots (plot1 and 2); and (2) 4 ambient points (APs) per plot, which were located
the CP (Fig. 1b). The purpose of applying the CP/APs sampling scheme was primar-
ily depended on the different soil moisture plus (Rodriguez-lturbe et al., 2001) that
likely existed in the heterogeneous vegetation with an obvious diversity of morpholog-
ical features. In fact, a single plant could be regarded as a collection of precipitation
in water-controlled ecosystems by means of stemflow systems (Li, 2011), which most
likely affect the hydrological processes of soil. Therefore, the CP sampling scheme
was planned to analyze the soil moisture dynamics in the middle points receiving
the stemflow generated in different canopy structures of vegetated microplots during
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precipitation processes, and the aim of the AP sampling scheme was to investigate the
change in the soil water content in the surrounding points that are likely affected by the
throughfall as a result of the precipitation intercepted by the canopy structure. More-
over, employing the CP/APs sampling scheme likely also indicated the soil moisture
loss of different points during evapotranspiration processes. We employed the Field-
Scout TDR 300 Soil Moisture Meter (Spectrum Technologies, Inc, Aurora, lllinois, USA)
to measure the soil moisture of the 0 ~ 10 cm depth layer of every CP and AP from the
8 August 2012 to 20 September 2012 resulting in 960 soil moisture records. Further-
more, we carefully mended the disturbed holes after every measurement by the TDR
to reduce the system error derived from the inevitable disturbance of the soil surface
layer.

2.3 Quantification of TSSM

2.3.1 Mean relative difference (MRD) of the TSSM (TSSM-MRD)

The MRD of the soil moisture indicates the fluctuation of every measuring point com-
pared with the average value over a specific observation period (Vachaud et al., 1985).
With respect to the CP sampling scheme, the MRD calculation was performed as fol-
lows:

Acpijy = Ocriij) = Ocpy)) (1)
16

Ocp() = (1/16) z Ocp(i ) ()
=1

Sceiijy = Deriijy/ Ocr() (3)

where O¢p(; ;) is the soil moisture of the CP on the /ith microplot (/ =1~ 16) at jth

observation time (j = 1 ~ n which is concentrated at the special period) and ECP( /) rep-
resents the average soil moisture of the CP in all microplots at the jth time. Therefore,
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Acp(; jyreflects the fluctuation of the soil moisture at location / at time j, and 6¢p; j
represents the relative soil moisture in the CP.
With respect to the APs, the MRD calculation was performed as follows:

Dppij) = Oariij) — Oar() (4)
4

Oapiijy = (1/4) z N )
p=1

- 16 16 4

Oap(j) = (1/16) z Oppiij) = (1/64) z z Oar(ij.p) (6)
i=1 i=1 p=1

Therefore, Egs. (4)—(6) corresponds to the relative difference of the APs:

apiij) = Dap(i. )/ ar() (7)

where 5AP(,-, j) is the average soil moisture of the 4 APs located in different positions
(short for p) on the jth microplot at the jth time and the average soil moisture of all the

different land-uses located in the APs at the jth time is displayed as 5AP( j) by replacing
the 4 APs’ soil moisture with the mean value in every microplot.

Finally, the MRD (ECP(j)’ EAP(j)) and standard deviation (g (ECP(j)> and ¢ (EAP(j)>)
of the CP and APs, respectively, are determined in Eqgs. (8)—(11) respectively.

5 ‘ 160cp, 1 — 312, Ocpy s
by = (1/m) 2 Bcrii) =(1/n)z< (1)) — £i=17CP(.j) @)
j=1

16
j=1 Z/=1 QCP(/',/')

<5CP(/ i)~ 5CP /)>2

¢ (ECP(/)> = ﬁ

Jj=1
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_ n 0 (1635 Oapiijp) =~ 2o X et Onp(ij
p=1"YAP(i.j,p) =1 Lp=1"AP(i,j,p)
Sapgy = (/1) D Bapiipy = (1/1) 6 4é (10)
P j=1 221 2.p=19Ap(.j.p)

<6AP/n"5AH/)2

(11)

n
5(5Amn)= 2
j=1
Moreover, the MRD represents whether the value of the soil moisture in a given
specific microplot overestimates (6; > 0) or underestimates (6, < 0) (Vachaud et al.,
1985) the average soil moisture of all microplots over a specific period. Its standard
deviation determines the fluctuation of the soil moisture at a given position of some mi-
croplots during the experiments. A given microplot is considered to better represent the
TSSM during the observation process (Starks et al., 2006) when its ¢ (6 j) is smaller.
Therefore, the TSSM-MRD could be regarded as the dominant standard to describe
the characteristics of the TSSM under different land uses/cover.

2.3.2 Cumulative Probability (CumuP) of the soil moisture

In contrast to the TSSM-MRD, which describes the dynamic characteristics of the
TSSM, the CumuP of the soil water content represents a static feature of the TSSM.
The CumuP calculation in the CP can be used as an example.

n
Ocp(y = (1/n) z Ocr(i j) (12)

j=1
where ECP(,-) is the average soil moisture of the /th microplot (/ = 1 ~ 16) over n times

during the specific experimental period. Then, all the different values of 5CP(,-) should be
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ranked from lowest to highest, such as 5CP[1] < 50,3[2]--- < 5CP[16] in which the number
in the square bracket indicates the order of the average soil moisture. Additionally, the
average soil moisture of all microplots over n times is expressed by Eq. (13):

16 _
= 2 e
i=1

Therefore, the probability of lowest average soil moisture of some microplots over n
observational times, p (90P[1]) could be calculated by Eq. (14):

n 16

=(1/n) z z Ocp(i )

j=1 i=1

Ocp(i) (13)

p <§CP[1]) = Ocppy/Ocryy; P <50P[1]> €(0,1] (14)
Based on this equation, the CumuP of the kth highest soil moisture of a microplot,
CumuP (6cpp)» could be expressed by Eq. (15):

k
CumUP ch[k] z ecp[k] (15)

2.4 Evapotranspiration-TSSM (ET-TSSM) model

2.4.1 The selection of the parameter of TSSM (6s)

The hydrological response process of the soil moisture mainly consists of two compo-
nents (Eagleson, 1978a), the soil water consumption process, which could be regarded
as the change in the soil moisture condition from wet to dry (WTD), and the conser-
vation process, which could be regarded as the shift in the soil moisture condition
from dry to wet (DTW). Therefore, in this study, the two fundamental processes were
introduced into the application of the TSSM in different land uses. We selected the pa-
rameters of the TSSM’s application that met three requirements. First, in the WTD and
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DTW processes, the soil moisture in identical microplots has a similar CumuP rank,
which means, specifically, that the difference between the CumuP of the soil moisture
in same microplot was less than 0.1 between the two processes. Second, after meet-
ing the first requirement, the CumuP should be closer to 0.5 representing the mean
soil water content of all land uses/cover for both the WTD and DTW processes. Third,
the same microplot should have the same rank in the MRD, and the absolute values of
the MRD and standard deviation of the soil moisture in the same-rank microplot should
both be as low as possible. All three requirements were the standards for the selection
of the parameters of TSSM (6g), theoretically, not only perfectly quantified the TSSM
characteristics of all land uses/cover, but also indicated the least fluctuation over the
whole experimental period.

2.4.2 The framework of ET-TSSM models

A series of derivative parameters could be used to describe the hydrological response
of different land uses/cover to the soil moisture pulse in WTD processes by the ET-
TSSM model (Fig. 2). Primarily, we fitted some evapotranspiration curves (ET curves)
based on the relationships between time (¢) and soil moisture (8).

0 = 0,(t) (16)

where n =1 ~ 4 represents the 4 different land uses/cover in the Yangjuangou Catch-
ment. In addition, we confirmed three ET-TSSM parameters from beginning (¢,) to end
(te(n)), Which characterized the application of TSSM to the hydrological processes.

WP, parameter

If given soil moisture 8 € [6s,6,(ty)], then:

ts(n)

WP, = / 0,,(t)dt - Bty ~ to)
to

(17)
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with

tsm = 6" (6s) (18)
where f,, expressed by the value of the inverse function 9;1 (x), represents the times
at which the soil moisture of the 4 land uses/cover are on the threshold of the temporal
stability condition during the WTD process, and also reflects how quickly the TSSM
reached its threshold, which was influenced by the four different land uses/cover. And
the WP,, means the cumulative effect of the soil moisture on the WTD processes,
and reflects the possibility that the soil water storage of a specific land uses/cover is
under the “water profit” condition before the soil water reached the threshold of the
temporal stability condition ¢, under different land uses/cover, and it also describes
the capabilities of the different land uses/cover’'s with respect to water conservation
during the decrease in moisture triggered by the radiation.

WD, parameter
If 6 € (6,(te(n): Os) then:

t e(n

)
WD, = B4(togn) ~ togn) - / 0,(t)dt (19)
Ls(n)

te(n) is the time at the end of the WTD process, and WD,, represents the cumulative
effect of the soil moisture on time. However, this parameter indicates the “water deficit”
condition after the soil water reached the threshold of the temporal stability condi-
tion t5.,, which also reflects the ability of the soil to lose water under different land
uses/cover.
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A8, parameter

Using Eq. (17) to subtract Eq. (19) yields:
Te(n) fe(n)

= / 6,,(t)dt + Og(ty — ten) = / 0,(t)dt - Oste(,
to 0

A8, =WP,-WD, (20)

which means the dynamic changes in the water storage deviated by the TSSM pa-
rameter over a period lasting ¢, ;. Moreover if t =t = 9;1(00(,,)) and corresponding
90(,7) = 9,7(2‘0(,,)), then AQ,, =0.

With

ts(n) fe(n)

/ en(t)dt - es(ts(n) - to) = es(tc(n) - ts(n)) -

ty ts(n)

8,(t)dt (21)

Then we defined the ¢, and 6., as the temporal threshold of the soil water stor-
age balance and threshold of the soil water storage balance in different land uses re-
spectively. Moreover, if 6, € (6,(te(n)),65) and to () € (ts(n) te(n))- Then the piecewise
Eq. (22) exists to describe the water balance based on the ET-TSSM model

ts(n) >0 0fe (90(,,),93) te (ts(n)’tc(n))
A@ /9(tdt+98(t0—t)+/6 t)dt =0 9_9 c(n) t=tc(n)

ty ts(n) <0 Be ( ( ) Gc(n) te <tc(n),te(n)]
(22)

Specifically,AG, >0 and A8, < 0, in the sense of the TSSM, likely indicated that the
soil water storage was under relatively sufficient and insufficient condition respectively
at the end of the WTD process. Therefore, WP ,, WD,,, A8, Ly, Lo and 6., were
the important parameters to integrate the TSSM with its application to the evaluation of
hydrological processes in different land uses/cover.
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3 Results
3.1 Hydrological responses of different land uses/cover

In the rainy season of 2012, the bare land cover appeared to be more sensitive to the
influence of rainfall and radiation, having the largest magnitude of soil moisture dynam-
ics (from 12.0 % + 1.01 % t0 26.35 % + 1.51 %). In contrast, the hydrological responses
of Andropogon to the two triggers were the least obvious, with the mean soil moisture
ranging from10.9 % + 1.51 % to 22.4 % + 1.16 % (Fig. 3). Specifically, during the DTW
processes, soil moisture of all plots displayed similar fluctuating trends (Fig. 4), but at
the end of the DTW process, the average soil moisture of the bare land cover increased
to the highest value in the CP (26.7 %) and AP (26.0 %) position. In addition, Spiraea
pubescens reached the second highest value (24.6 %) in the CP but seemed to be
the least sensitive to the precipitation in the AP position. Otherwise, at the beginning
of WTD process, the soil moisture of all land uses/cover in the CP position decreased
by more significant levels, with magnitudes of 6.9 % (bare land cover), 6.1 % (Andro-
pogon), 5.4 % (Artemisia coparia), and 2.0 % (Spiraea pubescens) respectively. How-
ever in the AP position, all the vegetated plots declined to a relatively similar level at
the same time. But, according to the significant difference analysis, in both the WTD
and DTW processes, the soil moisture of the different land uses/cover at the same
sampling position showed no significant difference, and the soil moisture in the same
land uses/cover at different sampling positions also showed no significant difference.

3.2 The TSSM of different land uses/cover

3.2.1 CP sampling-based TSSM (CP-TSSM) in hydrological processes

The MRD and CumuP determined the characteristics of the CP-TSSM. In the DTW pro-
cess, the soil moisture in some of the Andropogon and Spiraea pubescens microplots
most likely more efficiently represented the average soil moisture in the different land
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uses, with their CumuP being close to 0.5. With respect to the MRD, the soil moisture
of the vegetated land uses tended to underestimate the mean soil water content due
to their MRD values being larger than zero. Spiraea pubescens, with a mean stan-
dard deviation for CP of 0.134, could be regarded as the land uses with the least soil
moisture fluctuation triggered by precipitation. In the WTD process, some Andropogon
and Artemisia coparia plots with CumuP values of 0.47 and 0.53 respectively, could be
more representative of the soil moisture in all land uses/cover. The MRD demonstrated
that the soil water content in the bare land cover at the CP position was overestimated.
Spiraea pubescens with a larger standard deviation (0.162) most likely had more obvi-
ous soil moisture fluctuations during the WTD process (Figs. 5 and 6).

3.2.2 AP sampling-based TSSM (AP-TSSM) in hydrological processes

With respect to the AP-TSSM, in the DTW process, the soil moisture of Artemisia co-
paria was overestimated, with its MRD being larger than zero. The CumuP of a few
bare land covers and Artemisia coparia plots reached to 0.46 and 0.53 respectively, in-
dicating that they were more representative of the average soil water content than the
other two land uses. However, Artemisia coparia with the highest standard deviation of
0.089 revealed the largest magnitude of the soil moisture fluctuation. Otherwise, in the
WTD process, two Andropogon microplots could represent the mean soil moisture in
the AP position for all land uses/cover, and the soil moisture in the Artemisia coparia
and Spiraea pubescens plots likely underestimated the average soil moisture of the
different land uses/cover. Moreover, the soil water content in the bare land cover dis-
played a stronger temporal stability during the WTD process due to its lowest standard
deviation value (0.074) (Figs. 7 and 8).

3.2.3 The determination of s in two processes

Based on the integration of the principle of 65 selection with the CP/AP sampling
schemes both mentioned in the methods (Table 2), the results (Table 3) showed that, in
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the CP position, plot4(3) (Spiraea pubescens) with MRD values of —0.034 and —-0.004
in DTW and WTD process respectively, and a CumuP value of 0.59 in both, was se-
lected as Og; in the AP position, plot3(2) (Artemisia coparia) with 0.04 and —0.005 as
the MRD of the soil moisture in the DTW and WTD processes respectively, and low
standard deviations (0.028 and 0.055 respectively) was selected as 85. Consequently,
plot4(3) and plot3(2) which had an average soil moisture in the WTD process of ap-
proximately 16.6 % and 16.4 %, respectively, were determined to represent the 85 in
the CP and AP sampling schemes, respectively.

3.3 TSSM'’s application on hydrological processes

The relationship between 65 and the ET function is shown in Fig. 9. First, from the
soil water storage view, at the CP position, WP, in Spiraea pubescens and Andro-
pogon reached the largest (290.93) and smallest (61.58) values, respectively. Then,
at the end of the WTD process (t,, = 288h), WD, was lower in the bare land cover
(743.63) than in the other plots. Furthermore, the soil water storage in all the microplots
was most likely under the insufficient conditions (A8, < 0). However, the extent of the
water deficiency in the vegetated land uses was more obvious than in the bare land
cover. With respect to the AP sampling schemes, Artemisia coparia, with a WP, of
186.96 appeared to have more sufficient soil water storage than the other two vege-
tated plots. As the soil moisture continued to decrease, the soil moisture storage of
Artemisia coparia and the bare land cover represented the most (WD,, = 1083.39) and
least (WD,, = 697.09) significant deficit situations respectively. Moreover, at the end of
the WTD process, the bare land cover had the highest soil moisture shortage in both
the AP and CP positions, with its A8, being largest among all the plots (Table 4).
From the temporal threshold of the soil water storage balance (f.,) view, all of the
te(n in the different land uses/cover met the condition — ¢, € (ts(n). te(n)) in EQ. (22) —
which means that, during the WTD process, there was some time point that led to the
value of WP, being equal to WD,,. Specifically, in the CP position, the ¢, of Spiraea
pubescens was longest (168.75h), but, the soil water storage in Andropogon could
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reach its balance within 61.58 h (shortest). In the AP position, the ¢, of the bare land
cover was longest, and the soil moisture storage in Artemisia coparia (t.(, = 121.17h)
appeared to be faster to be on the WP,, = WD,, condition than other two vegetated plots
during the WTD processes.

4 Discussion
4.1 Spatiotemporal downscaling

Downscaling the spatiotemporal scale was based on integrating the CP/AP sampling
schemes with the DTW/WTD hydrological processes (Fig. 10). The downscaled spatial
scales of the CP/AP sampling scheme concentrated on the influence of the spatial
structure diversity of the different land uses/cover in the Loess Plateau. Additionally,
downscaling the temporal scales of the TSSM analysis through the classification of
DTW and WTD was aimed to detail the fluctuation in the soil moisture over a short
period triggered by precipitation and radiation, rather than focusing on the rainy season
(Coppola et al., 2011; Heathman et al., 2012) or multiple-years (Biswas and Si, 2011;
Brocca et al., 2010). Because the factors influencing soil moisture fluctuation were
different in the two short processes, the main contributors affecting the dynamics of the
soil moisture in the DTW process were infiltration, runoff and interception triggered by
precipitation (Eagleson, 1978a, b), but the primary influential factor in the WTD process
was radiation leading to evapotranspiration. Therefore, a finer spatiotemporal scale was
the first step to try to understand the soil moisture dynamics based on the TSSM view,
not just in the soil water content, although there were no significant differences among
the 4 land uses/cover of different sampling positions.

4.2 Effect of hydrological processes on CP/AP sampling-based TSSM

The influence of the sampling scheme on the CP-TSSM or AP-TSSM in Artemisia
coparia and Spiraea pubescens was more obvious than in the bare land cover and
10099

Jadedq uoissnosiq | Jadeq uoissnosiq |  Jadeq uoissnosig | Jaded uoissnosig

HESSD
10, 10083-10125, 2013

Temporal stability of
soil moisture under
different land
uses/cover

J. Zhou et al.

; “““ “““


http://www.hydrol-earth-syst-sci-discuss.net
http://www.hydrol-earth-syst-sci-discuss.net/10/10083/2013/hessd-10-10083-2013-print.pdf
http://www.hydrol-earth-syst-sci-discuss.net/10/10083/2013/hessd-10-10083-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

Andropogon, which was related to the different spatial structures of the vertical direc-
tion between the two types. Specifically, three complex response components in both
the DTW and WTD processes (Figs. 11 and 12) including the canopy being upon the
ground, the litter layer covering the soil surface, and the root system being dispersed in
the subsurface likely played different roles in the feedback of the different hydrological
triggers and finally affected the CP/AP-TSSM of the different land uses/cover.

4.2.1 Influence of DTW processes on CP/AP-TSSM

The response of the main parameters of the CP/AP-TSSM to the DTW process, primar-
ily triggered by precipitation is displayed in Fig. 11. The response units of the CP-TSSM
of the vegetated plots were generally divided into three components. First, the stemflow
(Levia and Frost, 2003; Li, 2011), set as a positive feedback for the soil water storage,
may be the main water input at the CP position. Second, the point-based litter layer
most likely restricted the water from migrating downward to the soil surface via the con-
servation or absorption action. Third, the infiltration zone in the base of the main root
mainly formed preferential flow and removed the water from the surface layer (Li et al.,
2009). The latter two response units may be considered to be the important water out-
put factors of the surface layer, and regarded as negative feedbacks on water storage.
Therefore, the dynamic balance state derived from the positive and negative feedbacks
on the water storage of the soil surface reflected the characteristics of the CP-TSSM
in Artemisia coparia and Spiraea pubescens, and the diversity of morphological struc-
ture lead to the difference of the CP-TSSM between the two types of land uses during
the DTW process. Specifically, Spiraea pubescens which has a more obvious stem
structure to generate stemflow (Garcia-Estringana et al., 2010) than Artemisia sco-
paria was more beneficial to the formation of water input to CP position, which led to
Spiraea pubescens having a higher soil moisture increment than Artemisia scoparia
during the DTW process (Fig. 11).

With respect to the response units of AP-TSSM during the DTW process, Artemisia
scoparia was also different from Spiraea pubescens. The water input of the AP
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positions of the two vegetated land uses was primarily determined by the intermit-
tent throughfall. Furthermore, other negative feedbacks on the water storage consisted
of water conservation by the litter layer on the soil surface and the infiltration capac-
ity of the soil subsurface. Therefore, the three response-unit variables to precipitation
formed the function of the AP-TSSM and caused the divergence of the AP-TSSM be-
tween Artemisia scoparia and Spiraea pubescens land uses due to the different mor-
phological characteristics. Specifically, the more expensive canopy structure of Spiraea
pubescens most likely enabled it to have higher thresholds of interception (Laio et al.,
2001) than Artemisia scoparia during precipitation, and also resulted in a higher incre-
ment of the soil moisture in the APs positions of Artemisia scoparia. Otherwise, in the
bare plots and Andropogon, the potential negative feedbacks on the water storage in
DTW processes — including a higher probability of occurrence of splash erosion and
runoff — likely increased the complexity and uncertainty of their TSSM influential factors
(Fig. 11).

4.2.2 Influence of WTD processes on CP/AP-TSSM

The contributors affecting the CP/AP-TSSM of the different land uses/cover in the WTD
processes is showed in Fig. 12. In the hydrological processes, evapotranspiration was
the fundamental pattern of the soil moisture loss, but especially in the vegetated plots,
the complexity of the soil water movement in the root—soil interface (Caldwell et al.,
1998; Dawson, 1993; Eagleson, 1978c; Horton and Hart, 1998; Porporato et al., 2002,
2001; Rodriguez-Iturbe et al., 2001) made it difficult to determine the specific response
units of the soil water dynamics and also increased the uncertainty of the features
of these response units. As a result, we only roughly divided the radiation response
units of the CP/AP-TSSM in the vegetated land uses into three parts. Specifically, first,
the litter lay in the CP/AP-TSSM played the role of restricting the water from being
evaporated from the soil surface (Villegas et al., 2010), which could be determined as
a negative feedback on the soil water losses; and secondly, the zones with a disper-
sion of main and lateral roots lost soil moisture through moisture absorption by the root
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system; finally, the canopy being upon the ground acted as the main positive feedback
on the soil water losses via transpiration. Meanwhile, different contributors existed that
affected the CP-TSSM and AP-TSSM during these evapotranspiration processes. Pri-
marily, the different amounts of water energy existing in the soil medium at the CP
and AP positions would likely cause mutual transformation due to the changes in the
dynamics between the soil water potential and the xylem osmotic (press) potential
(Porporato et al., 2001) in the soil-plant interface system. Moreover, in the AP position,
plant hydraulic lift (Li, 2011; Scholz et al., 2010) which may be regarded as negative
feedback of water loss in the AP positions promotes water efflux from the roots of the
plants into the soil layer passively when the transpiration action was under the reduced
condition (Caldwell et al., 1998).

Admittedly, these complex water movement processes in the root—soil interface leads
to the difficulty of interpreting the characteristics of the CP/AP-TSSM parameters of the
vegetated plots, but the lower TSSM-MRD of the vegetated plots compared with the
non-vegetated plots likely indicated that the canopy transpiration may have a stronger
driving force to form a water output pattern than the evaporation of the bare soil sur-
face, which, in the long term, indicates that the soil of vegetated land uses (Artemisia
scoparia and Spiraea pubescens) was drier than that of the bare land cover in the
Loess Plateau (Wang et al., 2013, 2012).

4.3 Implication of ET-TSSM’s application on soil hydrological processes

In the ET-TSSM model, 84 divides the WTD processes into three different stages. (1)
From starting to £, it demonstrated that the soil water content of the different land
uses/cover decreased from the water profit condition based on the determination of
BOs; (2) from g, to t.,), it represented that the soil moisture gradually reached the
profit-deficit dynamic balance condition; (3) from ¢, to ¢, the soil moisture of all the
plots finally on the net deficit situation. Although the soil moisture of the different land
uses/cover showed no significant differences by the significant difference analysis, in
the background of the TSSM, the parameters including WP ,, WD, A8, ts,, Lo in
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the ET-TSSM displayed obvious difference in both the CP and AP positions of 4 land
uses/cover (Table 4), all of which most likely proved that the distinguishing temporal
characteristics of the soil moisture existed at the finer spatiotemporal scales. Specifi-
cally, with respect to the CP sampling scheme, the higher ¢, of Spiraea pubescens
was influenced by the integration effect of hydraulic lift into the stemflow, both of which
prolonged the time when the corresponding net deficit of the soil water content started
to occur in the CP position. However, with respect to the AP positions, the higher £,
in the bare land cover would likely be related to the soil crust which was beneficial to
the water infiltration (Bu et al., 2008; Eldridge and Greene, 1994; Eldridge and Rosen-
treter, 1999) and may increased the temporal threshold of the emergence of the sail
water net deficit condition.

Otherwise, from the view of the soil water balance, the lowest value of WD,, in the
bare land cover and the lower value of A8, in the vegetated land uses demonstrated
that although all of plots’ water contents were under the net deficit condition at the end
of the WTD process (A8, < 0), the deficiency level of the soil moisture in the vegetated
plots which have larger value of |A8,,| were significantly higher than the level of the bare
land cover.

The results also suggested that the vegetated land uses which have a higher wa-
ter consumption capacity by virtue of evapotranspiration processes would likely lead
to a greater degree of soil water content storage reduction under radiation conditions
(Wang et al., 2012), which could finally cause the formation of a drier layer in the Loess
Plateau (Chen et al., 2010). This dryness has increasingly become a serious environ-
mental problem after nearly 30 yr of the Grain for Green policy (Chen et al., 2008a, b;
Shao et al., 2010). Therefore, from the TSSM view, the ET-TSSM model also suggested
the importance of the efficient selection or management of plants during the process of
vegetation restoration in the Loess Plateau, which has been considered a challenge to
trade — off the effective prevention of soil erosion and reasonable utilization of available
water resources in this water-controlled region.
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4.4 Uncertainties and limitation

First, we admit that the CP/AP sampling scheme could lead to system errors, a number
of which may decrease the accuracy of the TSSM calculation and fit of the ET-TSSM
models. From long-term perspective, the installment of a fixed soil-moisture-measuring
tube (Jost et al., 2012) in different plots appeared to be an efficient method to reduce
the errors. However, the higher cost of the corresponding instrument needed to op-
timize the number of sampling points, and the more intensive disturbance to the soil
profile during the mounting process most likely introduced new errors at the begin-
ning of the soil moisture measurements. Second, as an empirical model, the ET-TSSM
model was based on collected data rather than on some physical law. Therefore, some
derived parameters of the model were unable to interpret all the soil moisture dynam-
ics in the hydrological processes, such as the uncertainties of the dimensions of WP,
and WD,,, which both only the reflect the accumulation effect of the soil water content
on different duration time via an integral expression (Eqgs. 17 and 19). Finally, whether
the TSSM-based model could be expanded to the DTW process is uncertain. The ob-
servation that the soil water content of different land uses increased notably sharply
over a short time (Heathman et al., 2012) in the DTW process could make it difficult to
collect the data in an artificial manner, which is why we only constructed the ET-TSSM
model using the WTD process. As a result, it was also necessary to introduce an auto-
matic soil moisture logger system (Wang et al., 2012) to assist the TSSM research in
the WTD process when the study spatiotemporal scale was downscaled.

5 Conclusions

In this study, we analyzed the characteristics of the TSSM in different land uses/cover
under a finer spatiotemporal scale, and first introduced the TSSM concept into hy-
drological processes by the application of the ET-TSSM model. In the DTW process,
the difference in the TSSM between the CP/AP positions of vegetated land uses was
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related to the diversity of plant morphological structures upon the ground, which af-
fected the water input pattern of precipitation. However, in the WTD process, the differ-
ence could most likely be ascribed to the diversity of transpiration derived from various
canopy structures and the complexity of water movement existing in the root—soil in-
terface. From the TSSM view, the parameters of the ET-TSSM model indicated that
vegetated land uses more easily affected the net deficit condition than the bare land
cover during the WTD process, which likely cause the soil to become drier when there
was a lack of reasonable vegetation selections in the Loess Plateau. However, due to
the error derived from the CP/AP sampling scheme and the limitation of the ET-TSSM
model to interpret the hydrological processes, future studies needed to further improve
the accuracy of the sampling and to modify certain parameters of the ET-TSSM model.
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Table 1. Characteristics of four land uses/cover in Yangjuangou catchment.

Physical Characteristics

Morphological Characteristics

Land Uses/Cover  Plot Code Clay % Silt % Sand % BD gem™32 Hcm® LScm® Ccm?  Coverage % Slope (%)
Bare Plot1 9.21+1.21 26.04+2.41 64.75+1.85 1.24+0.09 0 0 0 0 26.8
Andropogon Plot2 8.48+2.14 25.28+1.98 66.24+2.24 1.26+0.11 20~30 0 0 70 ~ 85 26.8
Artemisia coparia Plot3 9.54+1.48 26.72+2.87 63.74+3.24 1.13x0.10 45 ~ 55 0 60 ~ 70 95 ~ 100 26.8
Spiraea pubescens  Plot4 11.98+3.15 22.24+3.84 65.78+4.51 1.21+£0.08 120~150 40~50 70~100 100 26.8

@ Soil bulk density.
© Average height of vegetated land uses.

¢ Average Length of stem only owned by Spiraea pubescens.

d Average Crown width.
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Table 2. Main characteristics of TSSM parameters in hydroligical processes.

Hydroligical Processes

DTW Processes

WTD Processes

*SS PlotCode CumuP (6gey) °OEMB,>0 °UEMS; <0 ¢(5,)  CumuP(fcey) OEMS,>0 UEMS, <0 ¢(5))
Plot1 x @@ () 0.09 °x HRE@  x 0.08
CP  Plot2 ®(4)/0.47 (1) m@@) 015 (2)/0.47 @) (@@ 009
Plot3 x (1) @@E)@4) 008 (1)/0.53 (1) @)@ 004
Plot4 (2)/0.53 (1) @@ 013 x (1)) 2)(3) 0.16
Plot1 (1)/0.46 NE)@ x 0.05 x NRE)@  x 0.07
AP Plot2 x ) 3)(4) 0.08 (1)/0.48, (1)/054 (1) @@)@ 012
Plot3 (1)/0.53 NRE@)@  x 0.09 x x (1N@@)@4) 0.10
Plot4 x (1) @@ 008 x x (1@ 0.0

2 Sampling Scheme.

5 means the cumulative probability of soil moisture in Plot2(1) was 0.47 in the DTW processes.

° Overestimation.
4 Underestimation.

© means no plot meet the corresponding condition of the MRD and cumulative probability.
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Table 3. Selection of parameter of TSSM in ET-TSSM model. The bold data representing the
statistical parameters of Plot4(3) and Plot3(2) respectively, were selected as the main parame-
ters of ET-TSSM model application during different hydrological processes.

DTW to WTD Processes

SS Plot Code *Similar Rank CumuP  Same Rank MRD  CumuP (GCP[kl) °DTW/WTD MDR (6)) °DTW/WTD  STD¢ (6,) IDTW/WTD O
Plot1 4) (4) 0.86/0.86 0.081/0.091 0.073/0.074 Plot4 (3)
Plot2 x x x x x
CP  Plot3 x X x x x
Plot4 (1) (1) 0.93/0.93 0.125/0.101 0.045/0.115
3) 3) 0.59/0.59 —-0.034/ - 0.004 0.200/0.129
Plot1 (2) (2 0.93/1.00 0.115/0.120 0.068/0.053 Plot3 (2)
(3) (3) 0.86/0.93 0.085/0.114 0.032/0.066
Plot2 x x x x x
Plot3 2 2 0.66/0.67 0.040/ - 0.005 0.028/0.055
AP (3) (3) 0.79/0.79 0.043/-0.014 0.188/0.141
Plot4 (1) (1) 0.34/0.42 0.005/-0.042 0.076/0.071
(3) (3) 0.05/0.06 —-0.156/-0.042 0.067/0.102
(4) (4) 0.11/0.18 —-0.148/-0.045 0.072/0.162

# means the difference between cumulative probability of the same land uses/cover in WTD and DTW processes was less than 0.1, which was also indicated
ACUMUP (8cpyy) < 0.1.
° means the specific cumulative probability value in WTD and DTW processes which have the similar rank cumulative probability.

¢ means the specific mean relative difference values of soil moisture in WTD and DTW processes which have the same rank about mean relative difference.
means the specific deviation of average soil moisture in WTD and DTW processes which the same rank about mean relative difference.

d
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Table 4. Characteristics of parameters derived from ET-TSSM model.

ss Plot Code  6,(t) R®  tymgh tymh Bem% WP, WD, A6,
cP Plot1 91(t)_12.78+13.61x0.976t 0.948 52.30 142.01 1321 20321 74363 -540.42
6 Plot2 6,(t) = 11.67+10.20x0.973' 0.897 2656 61.58 1356 6158 1108.91 -1047.33
=16.6% Plot3 es(t)—1o.39+12.72xo.984’ 0942 4445 102.80 12.81 12755 1134.98 -1007.43
Plot4 0,()=8.15+17.55x0.990' 0.918 72.72 168.75 11.37 290.93 1074.94 -784.01
AP Plot1 6,(t)=11.89+14.73x0.984' 0942 7338 19357 1254 30268 697.09 -394.41
0 Plot2 92(t)—1.95+12.06x0.986t 0877 56.34 132.83 12.80 161.80 890.76 -728.96
=16.4% Plot3 0,(1) =10.36+14.56 x 0.983' 0.931 51.32 12117 1212 186.96 1083.39 -896.43
Plot4 0,(t)=7.34+1453x0.993" 0929 67.24 147.03 1251 169.48 98386 -814.38
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Low: 1050

oI e se

Bare Land Andropogon Artemisia scoparia Spiraea pubescens
Fig. 1. Description of research area and CP/AP sampling scheme. (a) study area, (b) different
land uses/cover. The black square, round, triangle and diamond dispersing topographic map
represent the bare land cover (plot1), Andropogon (plot2), Artemisia coparia (plot3), and Spi-
raea pubescens (plot4) respectively. For each land uses/cover type, there are four microplots
whose code was displayed in parentheses. Every microplot (60cm x 60 cm) was fenced by PVC
sheets which were installed in the soil and 30 cm above the ground. CP and AP show the lo-
cations of soil moisture sampling, and we carefully mend the disturbance of soil surface layer
after completion of each measurement by TDR.
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ET-TSSM model

soil moisture(%)

Time (hours)

Fig. 2. Framework of ET-TSSM model and its parameters, supposed soil moisture values were
represented by star marks fitting the ET curve. main parameters of ET-TSSM were explained
in method. The area surround by ET curve, vertical line of f, and ¢, as well as horizontal line
of O5 indicates the WP,,, and the other area surround by ET curve, vertical line of to(n @nd Ly,
horizontal line of 85 represent the WD,,.
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Fig. 3. Response of soil moisture to precipitation and radiation in rainy season of 2012. DTW
and WTD represent the selected two hydrolical processes triggered by precipitation and radia-

tion respectively.
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the same sampling position showed no significant difference (P < 0.05), and the soil moisture
in the same land uses/cover at two different sampling position was also no significant difference
(P <0.05 for T test).
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Fig. 8. Mean relative difference of soil moisture in hydroligical processes based on AP sampling
scheme, the red marks and error bar indicate the mean relative difference and deviation of
different land uses/cover respectively over DTW processes, and the black marks and error bar
represent mean relative difference and deviation over WTD processes.
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Fig. 9. Application of ET-TSSM model on hydroligical processes based on CP/AP sampling
schemes. The dash line in the left and right indicate the average moisture of Artemisia coparia
land use and Spiraea pubescens over WTD processes respectively.
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Fig. 11. Influence of hydroligical processes on TSSM parameter over DTW period. The whole
hydroligical processes was divided three parts, including water input pattern, direct response
and indirect response. And the solid arrow represents the approximate direction of soil moisture
movement in the plant-soil environment. The minus sign in box means that the corresponding
response was the negative feedback on the water increment, and the plus sign in box indicates
the corresponding responses which probably improve the water input to the soil matrix and lead
to the soil water increment.
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Fig. 12. Influence of hydroligical processes on TSSM parameter over WTD period. Water out-
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the corresponding responses which was the positive feedback on the water output leading to

the soil water decrease.
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