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Abstract
Actual evapotranspiration (ETa) is a key component of water balance. This
study aimed to investigate the spatial variability and time stability of ETa
along a hillslope and to analyze the key factors that control the spatiotempo-
ral variability of ETa. The potential evaporation, surface runoff and 0–480 cm
soil water profile were measured along a 243 m long transect on a hillslope of
the Loess Plateau during the normal (2015) and wet (2016) water years. ETa
was calculated using water balance equation. Results indicated that increasing
precipitation during the wet water year did not alter the spatial pattern of ETa
along the hillslope; time stability analysis showed that a location with high
time stability of ETa could be used to estimate the mean ETa of the hillslope.
Time stability of ETa was positively correlated with elevation (P<0.05), indi-
cating that, on a hillslope in a semi-arid area, elevation was the primary factor
influencing the time stability of ETa.
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Abstract: Actual evapotranspiration (ETa) is a key component of water bal-
ance. This study aimed to investigate the spatial variability and temporal sta-
bility of ETa along a hillslope and to analyze the key factors controlling its
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spatiotemporal variability. Potential evaporation, surface runoff, and the 0–480
cm soil water profile were measured along a 243 m transect on a Loess Plateau
hillslope during normal (2015) and wet (2016) water years. ETa was calculated
using the water balance equation. Results indicated that increased precipitation
during the wet year did not alter the spatial pattern of ETa along the hillslope.
Time stability analysis showed that a location with high temporal stability of
ETa could be used to estimate the mean ETa of the hillslope. Time stability
of ETa was positively correlated with elevation (P<0.05), indicating that, on a
hillslope in a semi-arid area, elevation was the primary factor influencing the
temporal stability of ETa.

Keywords: relative difference; water balance; surface runoff; soil texture; semi-
arid areas

1 Introduction
Actual evapotranspiration (ETa) is an important component of the water and
energy cycle, accounting for 95% of water balance in dry ecosystems (Wilcox
et al., 2003). Moreover, water-limited environments cover almost half of Earth’
s land surface and are expected to increase (Newman et al., 2006). Therefore,
understanding spatiotemporal variations of ETa is crucial for efficient water
resources management in water-limited regions (Lian and Huang, 2015, 2016).

ETa is perhaps the most difficult and complicated component of the hydrological
cycle because it involves the combined effects of climate, terrain, vegetation, soil,
and hydraulic properties (Thomas, 2000; Xu and Singh, 2005; McVicar et al.,
2007; Vivoni et al., 2010; Zhao and Zhao, 2014; Li et al., 2017). Many studies
have focused on spatiotemporal variability of ETa under different environmental
conditions (Thomas, 2000; Mo et al., 2004; Gao et al., 2007; McVicar et al., 2007;
Vivoni et al., 2010; Gao et al., 2019). For example, Thomas (2000) reported that
evapotranspiration in arid and semi-arid areas of Northwest China decreased
substantially across all seasons, primarily due to variations in wind, relative
humidity, and maximum temperature. Nicholls et al. (2016) analyzed the effect
of vegetation cover on ETa in the 52-hm2 Sandhill Fen watershed of Canada and
found that ETa increased as the peak leaf area index (LAI) increased during the
growing season. Mo et al. (2004) simulated annual ETa over the Lushi basin
in the middle reach of China’s Yellow River and suggested that the spatial
pattern of annual ETa was similar to precipitation and LAI patterns. Vivoni et
al. (2010) explored soil moisture and evapotranspiration distributions using a
distributed hydrologic model in a semi-arid mountain basin and found hysteresis
existed between soil moisture and evapotranspiration due to climate variability.

The above studies on spatiotemporal variability of ETa were mainly conducted
at regional or watershed scales. The hillslope is the main unit of measurement
in hydrological studies where ETa measurements are used to derive catchment-
level ETa (Santiago et al., 2000; Ewers et al., 2002). However, systematic studies
on spatiotemporal variability of ETa at the hillslope scale remain scarce. Carey
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and Woo (2001) investigated differences in ETa on four hillslopes with different
vegetation types and stated that ETa was mainly limited by the phenology of
deciduous forests and shrubs. Because there was only one measurement site for
ETa on each hillslope, spatial variability of ETa within the hillslope was ignored.
Mitchell et al. (2012) evaluated differences in ETa at different hillslope positions
in a mixed-species eucalypt forest and discovered that ETa in the upper slope
position was 40% lower than that in the middle and lower positions. However,
because the ETa measurement sites were located on different hillslopes in the
catchment, differences in ETa between sites were not necessarily due to slope
position.

Many environmental factors might cause differences in ETa along a hillslope
(Majidi et al., 2015), and measuring ETa at only one monitoring site makes it
difficult to understand spatiotemporal variability at the hillslope scale. In this
study, a transect line was established on a hillslope with a single vegetation
type to obtain ETa at different positions and understand the spatial variability
within the hillslope.

ETa always exhibits temporal variability at different hillslope positions. Time
stability analysis can be performed to investigate spatial variability and tempo-
ral stability of ETa at the hillslope scale. This method has been successfully
applied to examine spatiotemporal variability of soil moisture at hillslope and
catchment scales, where the most time-stable location (MTSL) is identified to
represent the mean soil moisture of the field (Vachaud et al., 1985; Starr, 2005;
Hu et al., 2010; Gao et al., 2011; Gao and Shao, 2012; Jia and Shao, 2013; Hu
and Si, 2014; Zhang et al., 2016; Liao et al., 2017). Recently, time stability
analysis has been applied to analyze spatiotemporal variability of indices other
than soil moisture, such as soil salinity and soil sulfur content (Douaik et al.,
2006; Piotrowska-Długosz et al., 2017). However, no study has investigated the
spatiotemporal variability of ETa using time stability analysis.

In this study, we assume that time stability analysis can be utilized to inves-
tigate spatiotemporal variability of ETa at the hillslope scale. The objectives
are: (1) to investigate spatial variability of water balance components along a
hillslope; (2) to explore spatial variability and temporal stability of ETa along
the hillslope; and (3) to determine the primary factors controlling the spatiotem-
poral variability of ETa on the hillslope.

2.1 Study Area
The study was conducted on a hillslope in Liudaogou Watershed (38°46�–
38°51�N, 110°21�–110°23�E) on the Chinese Loess Plateau [Figure 1: see original
paper]. The watershed is characterized by semi-arid continental climate condi-
tions (Peel et al., 2007), with mean annual air temperature and precipitation
of 8.4°C and 437 mm (1980–2015), respectively. Annual precipitation in 2015
(435 mm) and 2016 (612 mm) equals or exceeds the mean by 25%, thus 2015
and 2016 are termed normal and wet water years (Zhang et al., 2016). The

chinarxiv.org/items/chinaxiv-202102.00064 Machine Translation

https://chinarxiv.org/items/chinaxiv-202102.00064


watershed covers 6.89 km2 and features deep gullies and large slopes. The
dominant soil is Inceptisols with silt loam texture (Fu et al., 2012). The
soil forms in loess parent material with substantial macropores and vertical
fractures, leading to good drainage. Annual potential evapotranspiration is
approximately 785 mm (Hu and Si, 2014). Elevation ranges from 1094 to 1274
m (Bo et al., 2011).

The studied hillslope is approximately 243 m long and 20 m wide, running
from southeast to northwest with a mean slope gradient of about 19.8°. The
hillslope is mainly vegetated with Korshinsk peashrub (Caragana korshinskii
Kom). Relevant soil properties, terrain attributes, and vegetation features are
provided in Table 1. Three plots were established at the upper, middle, and
lower slope positions, each 2 m × 5 m with the longest side oriented downslope.
Five, five, and six shrubs (C. korshinskii) with similar canopies were distributed
in the upper, middle, and lower plots, respectively. Mean slope gradients of the
upper, middle, and lower positions are 27.7°, 22.7°, and 12.1°, respectively .

2.2 Data Collection
A transect running down the middle of the hillslope was used for soil water
content (SWC) measurements at 40 sampling locations established at approxi-
mately 5 m intervals [Figure 1b: see original paper]. Sampling locations were
numbered 1 to 38 from top to bottom because measurements at locations 39
and 40 ceased in 2016. Locations 1–13, 14–26, and 27–38 represented the upper,
middle, and lower slope positions, respectively. A 5-m long aluminum neutron
probe access tube was installed at each location. Considering that the root sys-
tem of Korshinsk peashrub is distributed in the 0–500 cm soil profile (Cheng et
al., 2009), SWC was measured at 10-cm intervals between 10–100 cm depth and
at 20-cm intervals between 120–480 cm depth. Measurements were made ap-
proximately every 12 days during observation periods (1 May–26 October 2015
and 15 April–29 October 2016). Volumetric SWC was measured by a neutron
probe (CNC503DR hydro probe; Beijing Super Power Company, China). In
the 0–10 and 10–20 cm soil layers, loss of fast thermal neutrons from the soil
requires separate calibration for each layer (Bromley et al., 1997). Calibration
was performed using standard methods by measuring counts at fixed depths in
seven 480-cm long access tubes installed along the transect with a wide range
of SWCs.

The standard count was obtained when the probe was immersed in water. The
relationship between soil moisture counts and standard counts was then cal-
ibrated against volumetric SWC of 200 soil cores extracted from each fixed
depth at the same horizontal distance from the access tube, measured using
standard methods (Gardner et al., 2001).

During installation of neutron probe access tubes, disturbed soil samples were
collected for soil texture determination at 20-cm intervals down to 200 cm depth
at each location. Soil texture was relatively homogeneous throughout the pro-
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file, except at the surface. Thus, only particle size distribution of the 0–200
cm layer was measured using laser diffraction (Mastersizer 2000, Malvern Ltd.,
UK). At each location, three 40-cm deep pits were excavated 50 cm from the
tube. Undisturbed samples were collected from pit walls at 30 cm depth using
standard pre-weighed 100 ml Kopecky rings to determine bulk density (BD)
by the gravimetric method (Baker, 1990) and saturated hydraulic conductivity
(Ks) by the constant-head method (Libardi et al., 1980). Three replicates were
collected per location. Statistics for BD and Ks are listed in Table 1.

LAI was measured with an LAI-2200 canopy analyzer (Li-Cor, Inc., USA). Plots
of 2 m × 2 m were centered on each access tube. From each plot, three C.
korshinskii plants were selected monthly during the monitoring period. Each
plant was considered a replicate, and LAI values were averaged for each SWC
monitoring location. Maximum LAI values were measured on 12 August 2015
and 18 August 2016. Mean maximum LAI values for the three slope positions
are shown in Table 1. Elevation (E) and slope at each location were determined
with an RTK-GPS receiver (Trimble 5700, Trimble Inc., USA) and a dinometer
(PDC01, Everte Inc., China). Mean elevations and slopes of the three positions
are shown in Table 1.

Three 2 m × 5 m plots were established for surface runoff measurement, centered
at locations 6, 18, and 30, representing upper, middle, and lower slope positions
[Figure 1b: see original paper]. Surface runoff was measured for each rainfall
event that produced runoff in 2015 and 2016. Three D20 evaporation pans
(diameter 20 cm, height 10 cm) with 5-cm mesh-wire screen covers were installed
adjacent to runoff plots at each slope position. Pans were placed 70 cm above
ground with mesh covers to prevent birds from drinking. Pan evaporation was
measured every three days during observation periods in 2015 and 2016.

A meteorological station adjacent to the upper slope position monitored daily
solar radiation, air temperature, wind speed, relative humidity, precipitation,
and other factors. Distributions of daily rainfall and mean air temperature
from 2015–2016 are shown in Figure 2 [Figure 2: see original paper].

2.3.1 Variation in Potential Evapotranspiration (PET)
Along the Hillslope
Daily PET was calculated using the Penman equation (Shuttleworth, 1993).
PET calculated at the meteorological station was regarded as the PET at the
upper slope position. Comparisons of PET values calculated by evaporation pan
and Penman equation at the upper slope position are shown in Figure 3 [Figure
3: see original paper]. The mean ratios of measured D20 pan evaporation at
the upper, middle, and lower slope positions were assumed equal to those of
PET. Therefore, PET ratios for the upper, middle, and lower positions were
1.00:0.98:0.83 based on D20 pan measurements.
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2.3.2 Actual Evapotranspiration (ETa)
Considering the 12-day interval of soil water measurements, 12-day ETa (mm/d)
was estimated using the water balance method from a reduced equation (Eq. 1):

𝐸𝑇𝑎,𝑗 = (𝑆𝑊𝑆𝑗 − 𝑆𝑊𝑆𝑗+1) + 𝑃𝑗+1 − 𝑅𝑗+1 − 𝐺𝑗+1
Δ𝑡

where 𝑆𝑊𝑆𝑗 is soil water storage (mm) in the 480-cm profile at measurement
𝑗; 𝑆𝑊𝑆𝑗+1 is storage at measurement 𝑗 + 1; 𝑃𝑗+1 is accumulated precipitation
(mm) between measurements; 𝑅𝑗+1 is accumulated runoff depth (mm); and
𝐺𝑗+1 is deep percolation (mm), which was disregarded because annual rainfall
infiltration rarely exceeds 100 cm depth in this area (Yang et al., 2011) and
the groundwater table was generally below 20 m (Shangguan and Zheng, 2006).
Precipitation was assumed homogeneous along the hillslope, while measured
runoff depths in the three plots were assumed valid for locations 1–13, 14–26,
and 27–38, respectively. Groundwater was not involved in the soil water cycle
due to the high water table (Shangguan and Zheng, 2006), so its influence on
water balance was disregarded.

2.3.3 Time Stability Analysis of ETa
The relative difference method of time stability analysis (Vachaud et al., 1985)
was used. The relative difference of ETa, 𝛿𝑖𝑗, for location 𝑖 at time 𝑗 was defined
by Equation 2:

𝛿𝑖𝑗 = 𝐸𝑇𝑎,𝑖𝑗 − 𝐸𝑇 𝑎,𝑗
𝐸𝑇 𝑎,𝑗

where 𝑖 is the measurement location (𝑖 = 1, 2, 3, … , 38) and 𝑗 is the measurement
count during 2015–2016 (𝑗 = 1, 2, 3, … , 24). Due to limited datasets, hold-out
cross-validation was used to evaluate time stability analysis for estimating mean
ETa. A random number generator selected 14 datasets from 24 to form a train-
ing set for determining representative sites. The remaining 10 datasets consti-
tuted a validation set to evaluate prediction accuracy of representative sites for
hillslope-mean ETa. 𝐸𝑇 𝑎,𝑗 is the mean ETa for all locations at measurement 𝑗
(Equation 3):

𝐸𝑇 𝑎,𝑗 = 1
𝑛

𝑛
∑
𝑖=1

𝐸𝑇𝑎,𝑖𝑗

The temporal mean relative difference (MRD), 𝛿𝑖, and its standard deviation
(SDRD), 𝜎(𝛿𝑖), were calculated by Equations 4 and 5:
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MRD = 𝛿𝑖 = 1
𝑚

𝑚
∑
𝑗=1

𝛿𝑖𝑗

SDRD = 𝜎(𝛿𝑖) =
√√√
⎷

1
𝑚 − 1

𝑚
∑
𝑗=1

(𝛿𝑖𝑗 − 𝛿𝑖)2

Generally, sampling locations with relatively low SDRD can be regarded as hav-
ing high temporal stability (Grayson and Western, 1998). If MRD values are
close to zero, ETa values approximate the area-mean ETa. Jacobs et al. (2004)
suggested an index of time stability (ITS) considering MRD and SDRD to de-
termine time-stable locations (Eq. 6):

ITS = 𝜎(𝛿𝑖)2 + 𝛿2
𝑖

The location with the lowest ITS value was regarded as the MTSL representative
of the mean ETa on the hillslope.

2.3.4 Statistical Analysis
Significance levels of correlation were tested through two-tailed t-tests. Rela-
tionships between ETa at each sampling location and influencing factors were
characterized by non-parametric Spearman’s test. Differences in soil properties
among slope positions were tested through one-way analysis of variance. Tukey’
s honest significance difference (HSD) method was used for post hoc multiple
comparisons. K-S (Kolmogorov-Smirnov) test evaluated normal and non-normal
distributions of SWC time series. All statistical analyses used SPSS 19.0 (IBM
Corp., USA).

3.1 Variations in PET and Surface Runoff at Different Slope
Positions
Figure 4 [Figure 4: see original paper] shows PET variations at different slope
positions during normal (2015) and wet (2016) water years. Mean PET values
at upper and middle positions were significantly higher (P<0.05) than at the
lower position in both years. PET in the wet year was higher (P=0.08) than in
the normal year for all positions.

Runoff comparisons among the three positions are presented in Figure 5 [Figure
5: see original paper]. Only 12 surface runoff events occurred in 2015–2016.
Mean values exhibited a declining trend from upper (6.1 mm/d) and middle
(3.9 mm/d) to lower (1.9 mm/d) positions. Significant difference was observed
only between upper and lower positions (P<0.05).
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3.2 Variations in SWC Along the Hillslope
Normal and non-normal distributions of SWC time series at each depth were
observed via K-S test. Therefore, median and interquartile ranges characterized
central tendency and dispersion during normal and wet years [Figure 6: see
original paper]. Areas with highest SWCs during the normal year occurred
mainly in the 240–480 cm layer at locations 13, 14, 15, 33, 34, 35, and 36 [Figure
6a: see original paper]. Other high-SWC areas were the 30–180 cm layer for
all locations in 2016 due to approximately doubled precipitation compared with
2015 [Figure 6b: see original paper]. In 2015, lowest SWCs were within the 30–
180 cm layer for most locations [Figure 6a: see original paper]. In 2016, the
driest layer typically occurred at the surface (0–20 cm) [Figure 6b: see original
paper].

Temporal variability in SWC was characterized by interquartile range [FIG-
URE:6c,d]. In 2015, highest temporal variability occurred in the 0–30 cm layer
for all locations and in the 40–480 cm layer at locations 13 and 14 [Figure 6c: see
original paper]. In 2016, highest temporal stability extended to 200 cm depth
[Figure 6d: see original paper]. During transition from dry to wet periods,
SWCs of the 200–480 cm layer remained relatively constant [FIGURE:6c,d].

3.3 Variations in ETa Along the Hillslope
Figure 7 [Figure 7: see original paper] presents ETa at each measurement lo-
cation during the 2015 and 2016 growing seasons. Despite different absolute
values, ETa exhibited similar trends during normal and wet years [Figure 7: see
original paper]. ETa rapidly decreased between locations 1 and 11, reaching
minima of 226 mm in 2015 and 522 mm in 2016 at location 11. ETa then in-
creased to maxima of 291 mm at location 13 in 2015 and 687 mm at location
15 in 2016. After peaking, ETa gradually decreased by 41 mm (2015) and 177
mm (2016). Mean ETa in lower positions (locations 27–38) was lower than in
middle positions (locations 13–26) in both years. Furthermore, hillslope ETa in
2016 was significantly higher (P<0.01) than in 2015, with averaged values of
593 mm and 270 mm, respectively, due to different precipitation amounts.

3.4 Time Stability of ETa
Relative difference analysis was performed to identify locations where ETa con-
sistently equaled the mean ETa of the study area. Such locations could represent
the area-averaged ETa value, reducing monitoring time, labor, and costs. Fig-
ure 8 [Figure 8: see original paper] presents ranked MRD in ETa, associated
SDRD, and ITS for each sampling location. Descriptive statistics are displayed
in Table 2 . Ranges (differences between minimum and maximum) of MRD,
SDRD, and ITS were 64.04%, 91.96%, and 99.22%, respectively. Minimum val-
ues of MRD, SDRD, and ITS were −20.92%, 21.44%, and 22.10%, respectively.
A significantly positive correlation (P<0.01) existed between MRD and SDRD
values. The MTSL with the lowest ITS value was selected to estimate mean
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hillslope ETa. Location 13, with an ITS value of 22.10%, was identified for
estimating hillslope-mean ETa. Validation confirmed that ETa at the MTSL
(location 13) can predict mean hillslope ETa (R2=0.931, P<0.01) [Figure 9: see
original paper].

3.5 Factors Controlling Time Stability of ETa
Table 3 presents correlations between time stability indices (MRD, SDRD, ITS)
and factors including clay content, Ks, BD, elevation, maximum LAI (LAIm),
and SWS. MRD of ETa represents evapotranspiration magnitude. MRD values
had the highest positive correlation with SWS (P<0.01); elevation (ELE) and
profile mean clay content (PMCC) also correlated with MRD (P<0.05). SDRD
and ITS represent ETa temporal stability. According to Table 3, only ELE
significantly correlated with SDRD and ITS (P<0.05).

Among influencing factors, LAIm and BD were positively correlated (P<0.01).
ELE had significant relationships with LAIm, BD, and surface clay content
(SCC) (P<0.01). SCC was negatively correlated with BD (P<0.01). A signifi-
cantly positive correlation existed between SWS and PMCC (P<0.05). However,
a relatively weak correlation existed between MRD and LAIm (P>0.05).

4.1 Variations of Components in Water Balance Along the
Hillslope
PET is influenced by climatic conditions such as solar radiation, air temperature,
wind speed, and relative humidity, which can estimate ETa in water balance
calculations. Since solar radiation is an important environmental control for
PET (Table 4), the small PET at the lower slope position [Figure 4: see original
paper] might be due to reduced solar radiation (Carey and Woo, 2011; Fyllas et
al., 2017). Precipitation in 2016 was much greater than in 2015; however, PET
did not differ significantly between years [Figure 4: see original paper]. This
indicated that PET exhibited less inter-annual variability than precipitation,
consistent with Oishi et al. (2010), who found that despite large inter-annual
precipitation variation (934–1346 mm), annual evapotranspiration varied much
less (610–668 mm) in a mature oak-hickory forest. This occurs because inter-
annual evapotranspiration variability can be mitigated by vegetation responses
that decrease soil water storage during drought periods (Jones, 2011).

Surface runoff is affected by rainfall intensity, duration, vegetation presence,
soil, and microtopography (Dunne et al., 1991; El-Hassanin et al., 1993). Sur-
face runoff decreased gradually from upper to lower slope positions [Figure 5:
see original paper]. Since rainfall was consistent across the hillslope, runoff
variations could be mainly attributed to differences in slope gradient (Table 1),
supported by El-Hassanin et al. (1993), who reported that runoff increased with
slope gradient. Median runoff values for the three positions were as small as
3.5 mm/d, with only 12 runoff events during two years. These results indicated
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that in semi-arid areas, runoff amount and frequency were so limited that they
had little influence on water balance calculations.

Larger water storage was concentrated in the deep soil layer (240–480 cm) of
the lower slope position [FIGURE:6a,b]. A similar observation was reported
by Fu et al. (2013), who found soil water downhill accumulation in deep layers
(300–400 cm) for fallow and cropland due to elevation. Due to rapidly increased
precipitation, the spatial pattern of SWC in the vertical profile changed signif-
icantly from 2015 to 2016 [Figure 6: see original paper]. For instance, the 30–
180 cm layer was the driest in 2015 because it was the main root distribution
zone of C. korshinskii (Cheng et al., 2009), becoming the driest layer due to
root water uptake. This layer then became the wettest area because of doubled
precipitation in 2016 [Figure 6b: see original paper]. This agreed with Chen et
al. (2008), who observed that stored water in the 200–300 cm layer of grassland
greatly increased due to doubled precipitation on the Chinese Loess Plateau.
The highest temporal variability of SWC in 2015 and 2016 occurred in the 0–
30 cm and 0–200 cm layers, respectively [FIGURE:6c,d]. The former resulted
from combined effects of precipitation, solar radiation, soil evaporation, and to-
pography on the surface layer (Wythers et al., 1999; Pan and Wang, 2009; Gao
et al., 2015). The latter likely resulted from precipitation recharge to root-zone
SWC, causing transition from driest to wettest conditions in the root zone.

ETa varied with terrain, climate, soil, and plant characteristics, exhibiting a
slightly declining trend [Figure 7: see original paper]. Based on the simpli-
fied water balance (not considering rainfall, deep percolation, and groundwater
recharge (Shangguan and Zheng, 2006; Yang et al., 2011)), ETa variations were
mainly ascribed to SWS and surface runoff variations. For SWS, no significant
difference was found in temporal variability (displayed by interquartile range) of
SWC among sampling sites [FIGURE:6c,d], indicating similar variation degrees
of water storage for all sites. Therefore, the slightly declining ETa trend mainly
resulted from surface runoff variations [Figure 5: see original paper]. Addition-
ally, the significantly low PET (P<0.05) at the lower slope position [Figure 4:
see original paper] supported the declining ETa trend. ETa exhibited similar
trends during normal and wet years [Figure 7: see original paper], indicating
that the horizontal spatial pattern of ETa was hardly altered by precipitation
in semi-arid areas. Based on the simplified water balance, ETa was mainly af-
fected by SWS and surface runoff depth variations. For SWS, the horizontal
spatial pattern changed little because increased SWS in semi-arid areas typi-
cally resulted in vertical water flow controlled by soil properties (Grayson et
al., 1997; Green and Erskine, 2011). For runoff, horizontal overland flow could
influence soil water distribution, but runoff amount and frequency were quite
limited [Figure 5: see original paper].

Among locations 1–17, location 11 had almost the lowest ETa in both 2015 and
2016. Location 11 also had the lowest SWC on the entire hillslope [Figure 6: see
original paper]. The low ETa at location 11 might be because low SWC limited
plant growth in semi-arid areas (Linacre, 2004), resulting in lower transpiration
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water consumption. ETa around location 14 was higher than most of the hills-
lope [Figure 7: see original paper], which could be ascribed to high water storage
in this area [FIGURE:6a,b]. Increased water storage in arid and semi-arid areas
can greatly promote plant growth, thus leading to high ETa (Garcia and Tague,
2014).

4.2 Time Stability of ETa and Its Influencing Factors
Time stability has been substantially applied to SWC in previous studies
(Vachaud et al., 1985; Jacobs et al., 2004; Gao and Shao, 2012; Zhang et al.,
2016). In addition to SWC, time stability as an effective method to analyze
spatiotemporal variability was first applied to soil sulfur content and soil
salinity (Douaik et al., 2006; Piotrowska-Długosz et al., 2017). This study
performed time stability analysis on ETa for the first time. The ranges of
SDRD and ITS in ETa were 145.38 and 151.42 (Table 2), significantly higher
than those in SWC (Gao and Shao, 2012; Zhang et al., 2016). This indi-
cated that ETa had relatively higher temporal variability than SWC because
ETa components (soil evaporation and transpiration) and their controls are
numerous, greatly increasing ETa variability (Zeng and Cai, 2016). The
minimum SDRD and ITS in ETa were not significantly higher than those
in SWC (Table 2), indicating that the location with the lowest ITS could
accurately estimate hillslope-mean ETa. MRD and SDRD values at each
location had a significantly positive relationship (P<0.01), suggesting that high
ETa (presented as high MRD) caused high temporal variability (presented as
high SDRD). A similar observation was reported by Vivoni et al. (2010), who
investigated spatiotemporal variability of soil moisture and evapotranspiration
in a mountainous basin. This also indicated that locations with high temporal
stability in ETa (low SDRD) tended to be in areas with relatively low ETa
(low MRD). Figure 8 shows that the MTSL (location 13) could estimate
hillslope-mean ETa (R2=0.931, P<0.01). In future monitoring, ETa at the
MTSL can be continuously monitored automatically to represent the hillslope
average, saving considerable labor, time, and expenditure.

ETa involves soil evaporation and plant transpiration through stomata, influ-
enced by hydrological processes such as precipitation, runoff, and groundwater.
Therefore, ETa temporal stability was directly or indirectly affected by terrain,
soil, climate, and vegetation characteristics. MRD represents ETa magnitude.
A significantly positive relationship (P<0.01) existed between SWS and MRD
(Table 3). Regarding this, Manabe (1969) proposed two SWC thresholds: SWC-
CRIT (critical water content above which ETa equals PET) and SWCWILT
(wilting coefficient below which ETa is zero), suggesting ETa increases with
SWC between these thresholds. Shuttleworth (1993) found SWCCRIT typi-
cally equals 50%–80% of SWCFC (field capacity). In this study, most SWCs
were within these thresholds. The positive ETa-SWS relationship (P<0.05) sup-
ported Manabe (1969) and was consistent with other studies (Vivoni et al., 2010;
Garcia and Tague, 2014).
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Furthermore, a significantly positive relationship existed among MRD, SWS,
and PMCC (Table 3). Thus, soil texture influenced SWS distribution and ETa
spatial variability because it controlled vertical water distribution (Grayson et
al., 1997). Lateral overland flow was infrequent [Figure 5: see original paper],
so horizontal soil water redistribution seldom occurred. Only ELE significantly
correlated with SDRD and ITS (Table 3) because ELE could affect ETa tem-
poral stability by indirectly influencing soil and vegetation on a hillslope. This
was supported by Table 3, which showed ELE was negatively correlated with
BD and LAI but positively correlated with SCC (P<0.01). A weak correlation
existed between LAIm and ETa (Table 3) because considerable bare soil areas
between shrubs during the growing season caused high evaporation. Soil evapo-
ration was not associated with plant productivity compared with transpiration
(Kool et al., 2014), weakening the positive ETa-LAIm correlation.

5 Conclusions
In this study, soil water storage, surface runoff, and precipitation along a hill-
slope were determined during normal (2015) and wet (2016) water years. ETa
was calculated from a simple water balance equation. Spatial variability and
temporal stability of ETa were investigated, and key factors influencing spa-
tiotemporal variability were analyzed. Conclusions are: (1) The lower slope
position showed lower potential evapotranspiration, probably due to reduced
solar radiation compared with upper and middle positions; (2) The horizontal
spatial pattern of ETa was hardly altered by precipitation in semi-arid areas,
although doubled precipitation increased ETa; (3) Time stability analysis in-
dicated that locations with high temporal stability tended to be in areas with
relatively low ETa, and the most time-stable location can accurately estimate
hillslope-mean ETa; and (4) Temporal stability of ETa was mainly ascribed to
elevation on the Chinese Loess Plateau hillslope.
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