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Abstract: Neither single nor discontinuous hydrological observation data can truly reflect periodic
changes in soil moisture under natural conditions or interrelationships between various water
sources. Therefore, in this study, precipitation pulse characteristics and variations in the soil water
content (SWC) and actual evapotranspiration (ETa) in relation to pulses are explored through a
field multi-water continuous observation system set in desert steppe in Inner Mongolia, China.
A comparison between precipitation events in the growing seasons of 2016 and 2017 shows that
precipitation events that are greater than 10 mm are the main cause of dramatic interannual
precipitation variations in this region. A single small precipitation event has a limited impact on SWC
and provides no obvious increase in the SWC within the top 10 cm soil layer. The precipitation interval
ratio (P/I) is suitable for comparing water stresses of different drying-wetting cycles, and correlations
between soil layers are found to be closer in humid years than in dry years. In this study, three modes
of interpulse ETa in the desert steppe are discussed: a stable ETa mode under a water-sufficient
condition, an attenuation ETa mode, and a stable ETa mode under extreme drought conditions.

Keywords: precipitation pulses; soil water content; actual evapotranspiration; desert steppe;
precipitation interval ratio

1. Introduction

Arid and semiarid ecosystems are some of the most sensitive and fragile ecosystems, and as
such, they are severely affected by climate change and human activity [1–3]. Available water is the
most vital limiting factor, and in such areas, the amount, timing, and intensity of precipitation events
are highly intermittent and unpredictable on both temporal and spatial scales [4–6], also known as
precipitation pulses [7,8]. Resource pulses, which are triggered by precipitation pulses, are generally
the core driving force behind ecosystem succession in arid and semiarid areas [9–11].

Desert steppe is a significant type of arid and semiarid ecosystem [12–14], and it acts as an
ecological barrier, as it is situated close to wind and sand sources [15,16]. Because it is a zone where
grassland transitions to desert, it is extremely fragile in the context of climate change and human
activity [17,18]. The main vegetation types in desert steppe ecosystems are herbs and shrubs with
shallow roots, and most of the substance (water, nutrient element, etc.), energy exchanges, and
physiological activities occur in this shallow root layer [19]. Limited soil moisture is a key driving
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factor that governs these substance and energy processes in the root zone [20]. Precipitation pulses
do not directly affect ecosystem productivity, but they do affect vegetation and microbial activity
when transferred into the soil water through vegetation canopy interception and soil buffering [21,22].
Runoff and deep infiltration at a watershed scale account for only a small fraction of the annual
water budget in dryland ecosystems [23], and most of the precipitation enters the soil and it is
dissipated by evapotranspiration or absorbed by plants and microorganisms [24–27]. However, even
subtle differences in precipitation amounts, intensity, and timing can lead to different water cycle
processes [28], which in turn influence the substance and energy exchange processes [29]. Therefore,
studying the water cycle mechanisms resulting from different precipitation events is of great ecological
interest [30,31].

Obtaining complete and continuous field data is key to analyzing eco-hydrological processes
in arid and semiarid areas [8]. The hydrological cycle in arid and semiarid ecosystems is nonlinear,
involves multi-processes [5,9], and has high coupling characteristics [32]. Therefore, any changes
in the water status are the result of multiple factors, and discontinuous monitoring of single
hydrological processes generally cannot reflect the mutual feedback processes of multiple water
sources (precipitation, soil water, evapotranspiration) [33]. Although many studies have noted a
periodicity (day, season, and year) of some hydrological processes in the water cycle, such as soil water
dynamics and evapotranspiration processes [34], the discontinuous monitoring method has been used
in many studies when obtaining these periodic data; for example, using time domain reflectometry
(TDR) and micro lysimeter to obtain the soil water content (SWC) and actual evapotranspiration
(ETa) data. However, such monitoring methods use a short monitoring period, and more importantly,
they ignore periodic changes in hydrological processes. In general, therefore, they are unable to
reflect the true state of hydrological factors under natural conditions. Furthermore, when compared
with our understanding of the horizontal distribution of soil water, our understanding about the
vertical dynamics of soil water in dryland ecosystems is limited [8]. It is thus extremely important
to continually and synchronously acquire information on multi-water change processes to enable
coherent analyses of the hydrological cycle in arid and semiarid ecosystems and the strategies that
vegetation and microbes use when utilizing water and nutrients.

In this study, a multi-water joint observation system is established to analyze the dynamics
of SWC and ETa following precipitation pulses in the desert steppe of Inner Mongolia. The main
objectives of this study are to: (1) recognize the features of precipitation events in different precipitation
years; (2) discuss the dynamics of SWC and the correlation between the SWC in different soil layers
under different precipitation situations; (3) investigate the reaction of shallow root vegetation ETa on
precipitation pulse events and explore ETa modes during dry interpulse periods; and, (4) analyze the
multi-water coupling process that is caused by precipitation pulses.

2. Materials and Methods

2.1. Study Site

The study site is located at the State Key Laboratory of Simulation and Regulation of the Water
Cycle in River Basins, the Xilamuren Desert Steppe Grassland Water Cycle, and Ecological Restoration
Experimental Station (hereinafter referred to as “station”, 41◦21′ N, 111◦12′ E, 1600 m, 22 km2, Figure 1).
The station is located in Darhan Muminggan Joint Banner (DMJB). The soil at the station is a Haplic
kastanozem; the main vegetation includes Stipa breviflora, Stipa kryloyii, Aneurolepidium chinense,
Agropyron cristatum, Kochia prostrate, and Artemisia frigida, and the constructive species is natural
Stipa capillata (which has roots that are generally not deeper than 40 cm); average annual precipitation
at the station is 282.9 mm; the average annual temperature is 2.6 ◦C; the fractional vegetation coverage
is 20–45%; and, the maximum biomass appears in mid-to-late August.
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Figure 1. Geolocation and digital elevation of study site. 

2.2. Data Sources and Methods 

Data of precipitation, temperature, SWC, and ETa were obtained from field observations 
conducted at the station. The soil moisture gauge, large-scale weighing lysimeter, rain gauge, and 
ENVIS (Environmental Information System, IMKO GmbH, Ettlingen, Germany), an ecological 
meteorological gradient observation system were placed adjacent to each other (Figure 2) and 
together they comprised the multi-water joint observation system. The soil moisture probes were self-
recording layered soil moisture meters (HZR80S6; BJHzn Technology Co., Ltd., Beijing, China, 
accuracy: ±0.1%) buried in five different soil layers at depths of 10 cm, 20 cm, 30 cm, 40 cm, and 50 
cm with recording intervals of 4 h. A bucket type rain gauge (BJHzn Technology Co., Ltd., China, 
Beijing, accuracy: ±0.2 mm) with a recording interval of 1 h was placed near the soil moisture gauge. 
ETa data were obtained with a large-scale weighing lysimeter (Xi'an University of Technology, Xi’an, 
China, specifications: 2 m × 2 m × 2 m; weighing system resolution: ±0.02 mm; accuracy ±0.1 mm) at 
a recording interval of 1 h. The ENVIS ecological meteorological gradient observation system was 
used to obtain temperature data during the study period, and to check precipitation data from the 
rain gauge. Measured precipitation, SWC, ETa, and temperature data were collected at the station 
during the growing seasons from April to October in 2016 and 2017 to analyze soil moisture and 
vegetation evapotranspiration dynamics during this period and their responses to precipitation 
pulses. Data were preprocessed by MATLAB R2018a software (MathWorks, Natick, MA, USA); data 
of SWC and hourly temperature were averaged to obtain daily data, while precipitation and ETa were 
summed by hourly data to generate daily data. The data statistics and analysis were performed while 
using IBM SPSS Statistics 19 (IBM, Armonk, NY, USA) and Excel software (Microsoft, Redmond, WA, 
USA) [15]. 

Figure 1. Geolocation and digital elevation of study site.

2.2. Data Sources and Methods

Data of precipitation, temperature, SWC, and ETa were obtained from field observations
conducted at the station. The soil moisture gauge, large-scale weighing lysimeter, rain gauge,
and ENVIS (Environmental Information System, IMKO GmbH, Ettlingen, Germany), an ecological
meteorological gradient observation system were placed adjacent to each other (Figure 2) and together
they comprised the multi-water joint observation system. The soil moisture probes were self-recording
layered soil moisture meters (HZR80S6; BJHzn Technology Co., Ltd., Beijing, China, accuracy: ±0.1%)
buried in five different soil layers at depths of 10 cm, 20 cm, 30 cm, 40 cm, and 50 cm with recording
intervals of 4 h. A bucket type rain gauge (BJHzn Technology Co., Ltd., China, Beijing, accuracy:
±0.2 mm) with a recording interval of 1 h was placed near the soil moisture gauge. ETa data
were obtained with a large-scale weighing lysimeter (Xi’an University of Technology, Xi’an, China,
specifications: 2 m × 2 m × 2 m; weighing system resolution: ±0.02 mm; accuracy ±0.1 mm) at a
recording interval of 1 h. The ENVIS ecological meteorological gradient observation system was used
to obtain temperature data during the study period, and to check precipitation data from the rain
gauge. Measured precipitation, SWC, ETa, and temperature data were collected at the station during
the growing seasons from April to October in 2016 and 2017 to analyze soil moisture and vegetation
evapotranspiration dynamics during this period and their responses to precipitation pulses. Data were
preprocessed by MATLAB R2018a software (MathWorks, Natick, MA, USA); data of SWC and hourly
temperature were averaged to obtain daily data, while precipitation and ETa were summed by hourly
data to generate daily data. The data statistics and analysis were performed while using IBM SPSS
Statistics 19 (IBM, Armonk, NY, USA) and Excel software (Microsoft, Redmond, WA, USA) [15].
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Figure 2. Field multi-water joint observation system: (a) large-scale auto-weighing lysimeter, (b) 
Environmental Information System (ENVIS) ecological meteorological gradient observation system, 
(c) bucket type rain gauge, and (d) self-recording layered soil moisture meter. 

3. Results and Discussion 

3.1. Precipitation Characteristics Analysis in Different Precipitation Situations 

Precipitation amounts at the study site during the growing seasons (April to October) of 2016 
and 2017 were 294.3 mm and 206 mm, respectively. According to overall precipitation anomaly data 
recorded by the Xilamuren weather station over the past 30 years, these two years can be defined as 
a humid year (2016) and a drought year (2017), respectively. The average temperature in both years 
during the two growing seasons was 14.4 °C (Figure 3). 

Figure 2. Field multi-water joint observation system: (a) large-scale auto-weighing lysimeter,
(b) Environmental Information System (ENVIS) ecological meteorological gradient observation system,
(c) bucket type rain gauge, and (d) self-recording layered soil moisture meter.

3. Results and Discussion

3.1. Precipitation Characteristics Analysis in Different Precipitation Situations

Precipitation amounts at the study site during the growing seasons (April to October) of 2016
and 2017 were 294.3 mm and 206 mm, respectively. According to overall precipitation anomaly data
recorded by the Xilamuren weather station over the past 30 years, these two years can be defined as
a humid year (2016) and a drought year (2017), respectively. The average temperature in both years
during the two growing seasons was 14.4 ◦C (Figure 3).
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The precipitation characteristics of each month in different precipitation years are shown in 
Table 1. There was a smaller difference in the number of precipitation days (60 and 55 days, 
respectively) than that in the amount of precipitation (294.3 and 206 mm, respectively) during the 
growing seasons of 2016 and 2017. The maximum number of precipitation days occurred in June in 
both years (13 d and 14 d, respectively). For monthly precipitation during the growing season, the 
maximum precipitation at the study site in 2016 occurred in July (93.2 mm, 31.7%), while that in 2017 
occurred in June (55.6 mm, 27.0%). When considering the amount of water that is required by 
vegetation during the growing seasons at the study site (June, July, and August are vigorous growth 
periods), greater water stress was experienced in 2017 than in 2016. 
  

Figure 3. Precipitation and temperature during growing season in different precipitation years.

3.1.1. Amount and Number of Days of Precipitation during Different Precipitation Years

The precipitation characteristics of each month in different precipitation years are shown in Table 1.
There was a smaller difference in the number of precipitation days (60 and 55 days, respectively) than
that in the amount of precipitation (294.3 and 206 mm, respectively) during the growing seasons of
2016 and 2017. The maximum number of precipitation days occurred in June in both years (13 d and
14 d, respectively). For monthly precipitation during the growing season, the maximum precipitation
at the study site in 2016 occurred in July (93.2 mm, 31.7%), while that in 2017 occurred in June (55.6 mm,
27.0%). When considering the amount of water that is required by vegetation during the growing
seasons at the study site (June, July, and August are vigorous growth periods), greater water stress
was experienced in 2017 than in 2016.
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Table 1. Precipitation and the number of rain days during the growing season in different
precipitation years.

Month
2016 2017

Precipitation (mm)/% Rain Days (d) Precipitation (mm)/% Rain days (d)

April 1.4/0.5 2 11.5/5.6 5
May 26.6/9.0 8 39.8/19.3 5
June 71.2/24.2 13 55.6/27.0 14
July 93.2/31.7 11 32.4/15.7 10

August 28.4/9.7 8 18.6/9.0 8
September 39.3/13.4 11 37.2/18.1 8

October 34.2/11.6 7 10.9/5.3 5
Growing season (mm) 294.3 60 206 55

Note: % here stands for the percentage of the monthly precipitation to the growing season precipitation.

3.1.2. Precipitation Characteristics of Precipitation Events at Different Levels

Due to the stratified utilization characteristics of desert vegetation in relation to precipitation
pulses, precipitation events at different levels have differing effects on desert ecosystems. The statistics
for precipitation days and precipitation amounts during precipitation events at different levels in 2016
and 2017 are shown in Figure 4. In both years (humid and drought year), the majority of precipitation
events were classified as small precipitation events of 0–5 mm. In both 2016 and 2017, the percentage
of 0–5 mm precipitation events were 65.0% (39 d) and 72.7% (40 d), respectively. Affected by strong
evaporation and vegetation interception, precipitation amounts of 0–5 mm have only a slight surface
moistening effect and a limited effect on microbial respiration on the soil surface, vegetation carbon
fixing, and biomass accumulation [5,35]. A comparison between different precipitation years shows
that the main differences occurred in precipitation events of more than 10 mm. Days and amounts of
precipitation events of more than 10 mm in 2016 and 2017 were 12 d (172.5 mm) and 4 d (74.8 mm),
respectively, and these events occurred mainly in June to August. Previous studies have confirmed
that precipitation events greater than 10 mm are significant for arid and semiarid ecosystems [5–7].
The difference in the occurrence of precipitation events >10 mm is the main reason for dramatic
interannual variations in precipitation, and also one of the main features of precipitation pulses in arid
and semiarid areas.
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Figure 4. Number of precipitation days and amounts of precipitation (at different levels) in different
precipitation years. (a) Monthly precipitation days during growing season in 2016; (b) monthly
precipitation days during growing season in 2017; (c) amount of monthly precipitation during growing
season in 2016; and, (d) amount of monthly precipitation during growing season in 2017. G.S. is the
abbreviation for growing season.
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3.1.3. Precipitation Interval Ratio in Different Precipitation Years

Precipitation Interval

In addition to the amount and intensity of precipitation, the timing of precipitation is also a
significant factor affecting the distribution of soil moisture and vegetation growth. Precipitation timing
not only refers to the occurrence time and duration of the precipitation process, but more importantly,
it refers to the duration and distribution of intervals between precipitation events. Extreme variability
or unpredictability of precipitation intervals are other key features of precipitation pulses in arid
and semiarid areas [36,37], and the drying-wetting cycle determined by precipitation amounts and
intervals directly influences the substance and energy cycle in arid and semiarid ecosystems.

In this respect, a single small precipitation event (precipitation <5 mm) has a short duration and a
limited impact on soil moisture at depth (only the surface soil layer is affected). Therefore, only the
precipitation intervals of events of precipitation >5 mm are discussed in this paper, and continuous
daily precipitation events are merged (including continuous small precipitation events with a total
amount of more than 5 mm). Table 2 shows that for both the entire growing season and the vigorous
vegetation growth period from June to August, the precipitation intervals were longer in the drought
year of 2017 than in the humid year of 2016, and the mean amount of precipitation during each event
was lower.

Table 2. Mean precipitation intervals in different precipitation years.

Year Period Rain Days (d) Mean Precipitation Intervals (d) Mean Precipitation per Event (mm/d)

2016
June–August 9 7.7 19.7

Growing season 16 10.5 16.4

2017
June–August 7 10.3 11.2

Growing season 12 16.4 12.8

Precipitation Interval Ratio (P/I)

To compare differences between wet and dry hydrological years, the precipitation interval ratio
(P/I), which is the ratio of precipitation (P) to the precipitation interval (I), is introduced to reflect the
distribution of drying-wetting cycles in different precipitation years, as shown in Figure 5.
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In terms of the definition of precipitation interval ratio, in a drying-wetting cycle, the greater the
ratio is, the more water can be used by vegetation in the precipitation interval, and hence the less the
water stress is, and vice versa. With this parameter, different precipitation events and subsequent
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precipitation intervals can be directly compared as drying-wetting cycles. The ratio can then reflect the
drought conditions in different drying-wetting cycles. Figure 5 shows that the precipitation interval
ratios during the humid year 2016 were concentrated more in the vigorous vegetation growth period
as compared to that of the drought year 2017, which is in agreement with the naturally synchronizing
characteristics of high temperature and rich precipitation during vegetation growth in arid and
semiarid areas. Therefore, this situation is more beneficial for the accumulation of biomass. Figure 5
also indicates that the larger P/I ratio in the drought year of 2017 occurred at the beginning (June) and
the end (September) of the vigorous growth period. However, continuous drought occurred during the
vigorous growth period. Unreasonable distribution of precipitation events and precipitation intervals
made 2017 the most arid year recorded at the study site in recent years. The precipitation interval ratio
also shows that, in addition to the amount of precipitation, the annual distribution of drying-wetting
cycles is also important when analyzing drought.

3.2. SWC Dynamics in Different Precipitation Years

3.2.1. Variations in SWC Characteristics in Different Precipitation Years

Figure 6 and Table 3 show the dynamics of SWC in each soil layer in different precipitation years.
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Table 3. SWC at 10–50 cm for each month during the growing season in different precipitation years.

Year SWC Month 10 cm 20 cm 30 cm 40 cm 50 cm

2016
SWC (vol. %)

April 5.61 5.94 6.74 6.26 7.41
May 4.70 4.15 7.01 7.00 8.25
June 7.40 5.88 8.45 8.26 8.53
July 10.16 8.14 10.78 11.59 11.23

August 8.56 7.16 9.43 13.32 12.82
September 8.07 7.39 7.67 10.53 11.56

October 10.69 9.40 8.54 10.73 11.31
Growing season 8.35 7.08 8.69 10.32 10.68

CV (%) 41.4 40.3 34.7 30.3 19.9

2017
SWC (vol. %)

April 9.91 8.65 10.78 10.30 9.64
May 8.56 6.63 9.48 10.50 10.34
June 6.67 5.32 7.53 8.01 9.12
July 4.95 3.89 6.50 7.28 8.64

August 4.90 4.36 5.51 6.17 8.15
September 7.37 7.08 7.30 6.14 7.80

October 7.38 7.19 3.35 6.08 6.25
Growing season 7.09 6.15 7.19 7.78 8.56

CV (%) 39.0 35.8 36.5 24.8 15.6

The response of SWC at depths of 10–50 cm to precipitation events at different levels is shown
in Figure 6. In general, the impact of a single small precipitation event on the SWC is limited, and it
causes no measurable increase in SWC, even in the topmost depth (10 cm). Precipitation events that
are greater than 10 mm can increase the water content in the deeper soil layers, although this effect is
also related to the SWC prior to such events. For instance, the SWC at a depth of 50 cm during the
growing season of 2017 showed a continuously decreasing trend, and even the 27 mm precipitation
event that occurred on June 22nd failed to increase the SWC. In addition, it can be seen that continuous
large precipitation events are more likely to increase the SWC in deeper soil layers.

According to Table 3, the SWC of the vegetation root layer (0–30 cm) generally showed a
decreased distribution trend from the surface to the deeper layers and then an increase. In the
different precipitation years, the least SWC occurred at a soil depth between 10 cm and 30 cm. Two
possible reasons may explain this. First, with respect to the water supply, variations in SWC that are
caused by small precipitation events (which were dominant) were mainly concentrated within the first
10 cm. Second, with respect to the water absorption zone of desert vegetation, the 10–30 cm layer is
the main root system distribution zone of shallow-rooted vegetation. Therefore, the water uptake of
roots may also cause a decrease in SWC within the 10–30 cm layer. In terms of the CV of SWC in each
layer for different precipitation years, the SWC dynamics in each layer during the humid year were
more severe than in the drought year. Overall, the SWC dynamics was greater when the soil depth
was shallower. However, in the drought year of 2017, the CV of 30 cm depth was larger than that of
20 cm depth. This exception could have been caused on the one hand by differences in precipitation
characteristics of different years, and on the other hand by adjustments in the water use strategy of
vegetation in the drought year. SWC differences in each soil layer caused by root water uptake during
different precipitation or water stress years in arid and semiarid ecosystems require further study.

3.2.2. Correlation between SWC of Each Layer in Different Precipitation Years

Hydraulic connection of different layers changes in different hydrological years (wet year or dry
year), which could affect hydrological and nutrient cycles in soil, as well as water utilization of soil
organisms. The correlation between SWC of each layer in different precipitation years is shown in
Table 4.
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Table 4. Correlation between SWC of each soil layer in different precipitation years.

2017
2016

10 cm 20 cm 30 cm 40 cm 50 cm

10 cm 1.00 0.95 ** 0.76 ** 0.75 ** 0.68 **
20 cm 0.93 ** 1.00 0.77 ** 0.79 ** 0.73 **
30 cm 0.53 ** 0.46 ** 1.00 0.80 ** 0.64 **
40 cm 0.44 ** 0.33 ** 0.82 ** 1.00 0.95 **
50 cm 0.16 * −0.02 ns 0.79 ** 0.83 ** 1.00

Correlation between SWC of each soil layer is calculated by daily SWC. Yellow area in upper right table is the SWC
correlation coefficient of each layer in 2016; blue area in lower left is that in 2017. ** indicates a significant correlation
at level of p < 0.01, * indicates a significant correlation at level of p < 0.05, and ns indicates no significant correlation.

The correlation coefficient between 30 cm and 40 cm and that between 30 cm and 50 cm in the
drought year were greater than in the humid year. However, the correlation coefficients of SWC for
all the other layers were greater in the humid year than in the drought year. The close relationship
between each soil layer in the humid year was more evident in the humid year (2016) than in the
drought year (2017). When considering the different precipitation years, the correlations between
SWC in the upper layers and lower layers were obviously stronger during the humid year, which
indicates that more rainfall infiltrated into deeper layers and the SWC of each layer above increased
correspondingly. In the drought year, however, the correlation between SWC in the 20 cm layer and
that of the deeper soil layer was much lower, and the correlation between SWC in the 20 cm and
50 cm layers was even negative, which reflects that the influence of precipitation on SWC was more
concentrated in the surface layer above 20 cm in the drought year of 2017. In addition, a comparison
between SWC correlation coefficients in adjacent layers shows that that between 10 cm and 20 cm and
that between 40 cm and 50 cm soil layers were larger than those of other adjacent layers in both the
humid and drought years.

3.3. Response of ETa of Shallow-Rooted Vegetation to Precipitation Pulses

Due to the larger sample size of precipitation events, the humid year 2016 was selected as an
instance to analyze the response of ETa to precipitation pulses.

3.3.1. Variations in ETa during Growing Season

Table 5 shows the variations in ETa during the growing season in 2016.

Table 5. Variations in actual evapotranspiration (ETa) during growing season of 2016 (Additionally
given is the sum ETa over the growing season).

Period ETa (mm) Precipitation (mm) ETmax (mm/d) ETmin (mm/d) ETave (mm/d)

April −23.34 1.40 −1.60 −0.39 −0.78
May −40.63 26.60 −2.70 −0.59 −1.31
June −83.55 71.20 −4.85 −0.67 −2.78
July −87.61 93.20 −5.65 −0.23 −2.83

August −58.44 28.40 −5.78 −0.46 −1.89
September −19.33 39.30 −2.17 −0.10 −0.62

October −27.50 34.20 −2.52 −0.10 −0.89
Growing season −340.40 294.30 −5.78 −0.10 −1.59

The minus sign indicates water dissipation by evapotranspiration. ETmax and ETmin are maximum and
minimum values of daily ETa in the corresponding month, respectively. ETave is the average daily ETa in the
corresponding month.

The maximum ETa during the growing season occurred in July (−2.83 mm/d), followed by June
(−2.78 mm/d), and this was obviously related to the high temperatures and rich precipitation during
these two months. The maximum amount of daily ETa (−5.78 mm/d) occurred in August, followed by
July (−5.65 mm/d) and June (−4.85 mm/d). This indicates that, under strong evapotranspiration, the
effects of small precipitation events of 0–5 mm were limited with respect to the stable accumulation or
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assimilation of vegetation biomass. However, different studies have shown that small precipitation
events have an irreplaceable role in promoting microbial activities in epipedon and maintaining
the ecological functions of shallow root vegetation [38,39]. The average minimum daily ETa of
−0.10 mm/d occurred in both September and October, and the average maximum daily ETa occurred
in July (−2.83 mm/d), followed by June (−2.78 mm/d). The ETa of the entire growing season was
larger than the amount of precipitation within the same period, which could be due to previous soil
water storage during the non-growing season and condensate supplements [40–42]. Figure 7 shows the
periodic variations in ETa and the time at which dew was deposited during the precipitation interval.

Water 2019, 11, x FOR PEER REVIEW  11 of 16 

 

The maximum ETa during the growing season occurred in July (−2.83 mm/d), followed by June 
(−2.78 mm/d), and this was obviously related to the high temperatures and rich precipitation during 
these two months. The maximum amount of daily ETa (−5.78 mm/d) occurred in August, followed by 
July (−5.65 mm/d) and June (−4.85 mm/d). This indicates that, under strong evapotranspiration, the 
effects of small precipitation events of 0–5 mm were limited with respect to the stable accumulation 
or assimilation of vegetation biomass. However, different studies have shown that small precipitation 
events have an irreplaceable role in promoting microbial activities in epipedon and maintaining the 
ecological functions of shallow root vegetation [38,39]. The average minimum daily ETa of −0.10 
mm/d occurred in both September and October, and the average maximum daily ETa occurred in July 
(−2.83 mm/d), followed by June (−2.78 mm/d). The ETa of the entire growing season was larger than 
the amount of precipitation within the same period, which could be due to previous soil water storage 
during the non-growing season and condensate supplements [40–42]. Figure 7 shows the periodic 
variations in ETa and the time at which dew was deposited during the precipitation interval. 

 
Figure 7. Dew deposition replenishment process between two precipitation events. The curves above 
the dashed line show the time when dew was deposited (usually in the early morning), and the 
fractions below show ETa during the precipitation interval of 1 July 2016–10 July 2016. 

3.3.2. Evapotranspiration Mode during Precipitation Interval 

Different interpulse periods formed between precipitation pulse events caused variations in 
SWC. SWC dynamics directly affect the physiological activity of vegetation and microorganisms, and 
they lead to different substance and energy cycle processes, which result in spatial and temporal 
heterogeneity of arid and semiarid ecosystems. 

Through the continuous observation of the ETa during the growing season, combined with 
observations of precipitation and SWC, the different evapotranspiration modes during precipitation 
intervals were obtained and they are shown in Figure 8. After a sufficient amount of precipitation, a 
stable evapotranspiration mode is initiated under the adequate water supply, as shown in Figure 8a; 
this is known here as Interpulse mode I. In this mode, the amounts of daily ETa are similar and close 
to each other and close to that of potential evapotranspiration, and this corresponds to the first phase 
in Figure 8d. In particular, the start and end times of this phase are from 17 July 2016 to 23 July 2016, 
during the study period. Prior to the beginning of this phase, 56.4 mm of continuous precipitation 
fully supplied the soil moisture in each layer, and the average daily ETa was −4.3 mm/d. The 

Figure 7. Dew deposition replenishment process between two precipitation events. The curves above
the dashed line show the time when dew was deposited (usually in the early morning), and the
fractions below show ETa during the precipitation interval of 1 July 2016–10 July 2016.

3.3.2. Evapotranspiration Mode during Precipitation Interval

Different interpulse periods formed between precipitation pulse events caused variations in
SWC. SWC dynamics directly affect the physiological activity of vegetation and microorganisms, and
they lead to different substance and energy cycle processes, which result in spatial and temporal
heterogeneity of arid and semiarid ecosystems.

Through the continuous observation of the ETa during the growing season, combined with
observations of precipitation and SWC, the different evapotranspiration modes during precipitation
intervals were obtained and they are shown in Figure 8. After a sufficient amount of precipitation, a
stable evapotranspiration mode is initiated under the adequate water supply, as shown in Figure 8a;
this is known here as Interpulse mode I. In this mode, the amounts of daily ETa are similar and
close to each other and close to that of potential evapotranspiration, and this corresponds to the
first phase in Figure 8d. In particular, the start and end times of this phase are from 17 July 2016 to
23 July 2016, during the study period. Prior to the beginning of this phase, 56.4 mm of continuous
precipitation fully supplied the soil moisture in each layer, and the average daily ETa was −4.3 mm/d.
The evapotranspiration intensity in this phase was mainly determined by the atmospheric evaporation
capacity (temperature, humidity, and wind speed) and the water absorption capacity of the vegetation.
With the continuous reduction in soil moisture, the SWC began to fall below a certain threshold, and
evapotranspiration entered a daily attenuation phase due to water stress, which corresponds to the
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second phase (Interpulse mode II), as shown in Figure 8d. As shown in Figure 8b a continuous rainless
period occurred in the first ten days of July 2016 during Interpulse mode II, and there was no effective
soil moisture supplement. Hence, the daily ETa decreased with a decrease in SWC, and the average
daily ETa in the period was−1.2 mm/d. The evapotranspiration intensity in this phase was affected by
the combined effect of SWC, the atmospheric evaporation capacity, and the water absorption capacity
of vegetation. With a further reduction in the SWC, the ETa re-entered a stable evapotranspiration
mode under the extreme dry condition, corresponding to the third phase (Interpulse mode III) of
Figure 8d. The SWC was extremely low in this phase and it was even lower than that of the wilting
coefficient of vegetation. Therefore, the vegetation began to reduce its physiological activities to adapt
to the extreme dry environment, resulting in stomatal closure and root breaking [37,38]. Meanwhile,
due to the extremely low soil moisture transport capacity in this phase, the soil surface formed a dry
soil layer, and evaporation occurred at the bottom and then diffused into the atmosphere as water
vapor through the dry soil layer. This entire process was slow and stable. The evapotranspiration
capacity in this phase was determined by the water vapor diffusion capacity of the dry soil layer.
As shown in Figure 8c, a continuous drought occurred in mid-August, and the average daily ETa was
only −0.61 mm/d from 26 to 30 August. Daily ETa and temperature had similar periodical change
characteristics, which shows that ETa was mainly affected by temperature during the day.
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Figure 8. Interpulse mode of ETa. (a) Interpulse mode I: Stable evapotranspiration mode (sufficient
water content condition); (b) Interpulse mode II: Attenuated evapotranspiration mode (water stress
appears); (c) Interpulse mode III: Stable evapotranspiration mode (extreme dry condition). The numbers
in the graph (a), (b), (c) refer to the respective dates; and, (d) Scheme of interpulse evapotranspiration.

3.4. Coupling Process Relating to Multi-Water Variations

The coupling of SWC and evapotranspiration variations under precipitation pulses was analyzed
for July 2016 and it is shown in Figure 9.

Figure 9 also shows that the precipitation events mainly occurred in July 2016 and they were
relatively concentrated, providing a monthly precipitation amount of 93.2 mm. In early July, after a
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continuous rainless period, the ETa and the SWC in each soil layer decreased continuously (Interpulse
mode II (Figure 8)). Continuous precipitation occurred between 11 and 16 July, and soil moisture in
each soil layer was fully supplied. A stable evapotranspiration phase began in the following period
(17 to 23 July) (Interpulse mode I). The SWC of each soil layer began to decrease gradually in this
phase but remained in the high value interval (higher than the stable evaporation threshold). Figure 9
shows that the temperature began to drop between the precipitation events, but it gradually increased
between the precipitation events. In this drying-wetting conversion process, the temperature change
directly influenced the evapotranspiration process. In addition, the ETa was generally low when the
precipitation event occurred, due to the lower temperature in the precipitation process and the higher
atmospheric humidity, which inhibited the evapotranspiration process.
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Table 6 shows the correlations between ETa and SWC in each soil layer. The soil layer at 50 cm
has the highest correlation between ETa and SWC, followed by 40 cm and then 10 cm. This is because
the root depth of the vegetation at the study site is generally no more than 40 cm. When the moisture
content in the soil layer at 40 cm to 50 cm is increased by precipitation, the SWC of each layer is
relatively high and the ETa is relatively large. However, when the SWC in this layer decreases, which
indicates that the upper layer soil is continuously losing water under water stress, the ETa shows a
corresponding decreasing trend. The change in SWC in the layer at 40–50 cm below the vegetation root
layer is relatively stable and it can be considered to be characteristic of the overall soil water status.
The reason for the high correlation between the SWC in the 10 cm soil layer and the ETa may be that it
is closer to the soil surface and soil evaporation has a greater influence on this layer. The soil layer of
10–30 cm is the main root distribution zone of shallow-rooted vegetation. The soil moisture of this
region is affected by the water uptake process of roots and it also affected by water flux transmission
process between the upper and lower layers. Therefore, the SWC dynamics are more active in this
layer during the vigorous growth period of vegetation, which results in a low correlation with ETa.

Table 6. Correlation between ETa and SWC of each layer for 2016.

Correlation 10 cm 20 cm 30 cm 40 cm 50 cm

ETa (mm) 0.47 ** 0.38 * 0.40 * 0.49 ** 0.50 **
CV of SWC 50.6% 55.8% 50.6% 43.4% 27.5%

** indicates a significant correlation at p < 0.01 level, and * indicates a significant correlation at p < 0.05 level.



Water 2019, 11, 198 14 of 16

4. Conclusions

This study analyzes the coupling of SWC and ETa following precipitation pulses in a desert steppe.
The concept of the precipitation interval ratio (P/I) is proposed, as this can be used to effectively
evaluate the degree of water stress during different drying-wetting cycles. Three modes of interpulse
ETa in this arid environment under different SWCs are identified and discussed. These results
improve our understanding of the hydrological cycle mechanism of desert steppe. The results of this
research can also provide data support for ecological restoration and desertification control. The main
conclusions are as follows:

(1) The extreme variability or unpredictability of precipitation intervals in arid and semiarid
ecosystems are important factors affecting soil moisture distribution and vegetation growth. By using
the precipitation interval ratio (P/I), water stress situations in different drying-wetting cycles can be
directly compared and can thus reflect the annual variations in the drying-wetting cycle.

(2) The impact of a single small precipitation event on the SWC is limited, and such events do
not even cause a significant increase in the SWC of the 10 cm soil layer. Precipitation events that
are continuous or greater than 10 mm can cause an SWC increase in deeper soil layers, but this also
depends on initial SWC. In addition, a closer correlation between the soil layers for the humid year
than for the drought year.

(3) The maximum daily ETa of −5.78 mm/d occurred in August during the growing season
of 2016. With the influence of strong evapotranspiration, the effect of small precipitation events of
0–5 mm on the plant assimilation was limited. In 2016, the amount of ETa was greater than that of
precipitation for the same period during the whole growing season, and this water deficit was related
to previous soil water storage and condensation water.

(4) According to continuous ETa observations during the growing season of 2016, there were
three interpulse evapotranspiration modes during the different interval periods: a stable mode
under a sufficient water content condition (17 July–23 July, −4.3 mm/d), an attenuation mode
(1 July–11 July, −1.2 mm/d), and a stable evapotranspiration mode under extreme drought conditions
(26 August–30 August, −0.61 mm/d).

(5) During the vigorous growth period of July 2016, the 50 cm soil layer showed the highest
correlation between ETa and SWC, followed by the 40 cm and 10 cm layers. The layer from 10–30 cm is
the main root distribution zone of shallow-rooted vegetation at the study site, and this zone undergoes
the most drastic changes due to root water uptake and water flux transmission processes between the
upper and lower layers; therefore, its correlation with ETa is relatively weak.

It is of great significance to analyze interrelated multi-water processes under natural conditions
to understand the hydrological cycle in desert steppe. However, our knowledge about the feedback
mechanism between soil organisms (plant and microbe) and hydrological cycles of soil in arid and
semi-arid regions remain insufficient. Therefore, further research should consider the water-use
strategy of biomes in arid and semi-arid regions.
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