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Abstract: Soil moisture is an important variable affecting land surface and climate interactions.
This study used cross-wavelet and wavelet coherence methods to analyze the relationship between
soil moisture and climatic factors in the study area based on the soil moisture data sequence and
corresponding meteorological data observed on the surface of the desert steppe in Inner Mongolia.
The results showed that soil moisture had a relatively high- or low-value period for months or
even years. Soil moisture was significantly different between different slope positions and soil
layers. The fluctuation and mean of soil moisture decreased gradually with the deepening of soil
depth. The relationship between soil moisture and meteorological factors varied with time scales.
The influence of precipitation on soil moisture was significant at time scales of 1-6 months and
10-15 months, while air temperature and soil temperature showed stable and continuous periodic
influence on soil moisture at the time scale of 10-15 months. Climate indexes for the Pacific region,
Pacific Decadal Oscillation (PDO), and North Atlantic Oscillation index (NAO) were the main climatic
factors controlling soil moisture in the Inner Mongolia desert steppe and strongly correlated with
soil moisture primarily on time scales of 4-7 months and 10-15 months. Pacific Decadal Oscillation
(PDO) and Indian Ocean basin-wide warming (IOBW) showed a strong lag effect on soil moisture.

Keywords: soil moisture; cross wavelet; wavelet coherence; desert steppe; climate index

1. Introduction

Soil moisture represents the degree of soil dryness and wetness in the land surface
state and is an essential link in the water cycle between the surface and atmosphere and soil
water transport [1]. It significantly impacts hydrological processes such as surface runoff,
infiltration, soil interflow, and groundwater recharge [2-7]. Meanwhile, soil moisture
is also an essential carrier of the geobiochemical circulation, which affects the carbon
and nitrogen cycle between the surface and atmosphere by changing the surface state.
Moreover, it plays a dominant and controlling role in the material circulation and energy
conversion between the surface and atmosphere [8]. In the terrestrial grassland ecosystem,
the lack of soil moisture limits vegetation growth, affecting the organization and function
of the grassland ecosystem [9]. Therefore, exploring soil moisture changes is significant
to understanding the coupling of land and climate, hydrological process simulation, and
vegetation restoration.

As a critical factor controlling the earth-atmosphere coupling system, soil moisture
is closely related to the atmosphere. It changes surface water heat flux, radiation balance,
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and evapotranspiration [10] and affects local atmospheric circulation [11-13]. Changes in
soil moisture can lead to different climate states [14-16], affecting the future temperature,
precipitation, and climate change [17,18]. In the middle- and high-latitude regions, the effect
of soil moisture on climate change is comparable to the effect of sea surface temperature [19].
On average, 65% of the precipitation in the atmosphere comes from evaporation over the
land surface [20].

Soil moisture variation will affect the local climate and lead to climate oscillation and
variation in the nearby area. In East Asia, the research on the relationship between soil
moisture and climate mainly focuses on the Qinghai-Tibet Plateau [21] and the eastern
plains of China [22,23]. Wang et al. [24] showed that soil moisture over the Tibetan Plateau
affected the distribution of atmospheric circulation in East Asia. Chow et al. [21] used the
Regional Climate Model to find that the increase in soil moisture over the Tibetan Plateau
in spring resulted in increased precipitation over the Yangtze River Basin and decreased
precipitation over South China. On a larger scale, studies have shown an apparent linear
coupling between soil moisture anomalies at middle and high latitudes in Eurasia and
atmospheric circulation anomalies in the Northern Hemisphere [25]. Some scholars have
revealed the nonlocal influence mechanism of soil moisture [26] and determined the propa-
gation mode of soil moisture influence outside the abnormal area [27]. They demonstrated
the effect of soil moisture on local climatic stratification and stability, which further led
to climatic changes in nearby areas and on even larger scales. However, we know little
about the coupling between soil moisture and global climate oscillations in the mid-latitude
wet—dry climate transition zone.

The desert steppe of Inner Mongolia is located in the mid-latitude wet-dry climate
transition zone, perennially affected by the continental climate system and the East Asian
monsoon system. The geo—atmosphere coupling system in this region shows complex
dynamic and thermal processes, forming a typical dry—wet climate transition zone in Asia
and becoming a hotspot for studying the interaction between surface state and climate.
Seneviratne et al. [28] and Song et al. [29] determined that the strong coupling zone between
soil moisture and climate exists in the transition zone between arid and humid regions on a
global scale, including the dry and wet climate transition zone in northern China [30]. In
the region with strong coupling between land and air, the impact of land surface process
changes on energy and water exchange is more significant [31]. Therefore, the quantitative
study of the interrelationship between the Inner Mongolian desert steppe and climate ele-
ments in the northern hemisphere mid-latitudes will help us to understand the importance
of the land surface state of the dry—wet climate transition zone in local and larger-scale
climate change and improve the predictability of soil moisture to climatic factors.

The time series of soil moisture and meteorological factors exhibit significant complex
changes and periodic oscillations on different time and frequency scales. Due to the
advantages of wavelet transform, cross wavelet and wavelet coherence have become
powerful tools for testing possible connections between two signals [32,33]. Therefore, the
complex changes and oscillations can be analyzed using wavelet analysis to explore the
teleconnection between hydrological variables and different climate indicators [34-38].

To better understand the coupling relationship between the land state of the desert
steppe and the climate in Inner Mongolia, this study briefly explored the change charac-
teristics of the soil moisture time series in the study area. Subsequently, the cross wavelet
and wavelet coherence were used to study the periodic oscillation relationship between
soil moisture and local meteorological elements and to explore the oscillation intensity
and phase characteristics of soil moisture and influencing factors at different times and
frequencies. Finally, the cross wavelet and wavelet coherence were used to explore the
periodic oscillation characteristics between soil moisture and climate indexes and the phase
relationship in the time—frequency domain. The periodicity and variability of soil moisture
changes on different time scales and their relationship with the atmospheric system will
provide a theoretical basis and technical support for quantitative evaluation and accu-
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rate prediction of soil moisture, sustainable development of animal husbandry, disaster
prevention, and drought resistance in desert steppe areas.

2. Materials and Methods
2.1. Study Area

The study area is located in the National Field Scientific Observation and Research
Station of the Eco-hydrology of the Desert Steppe (41°20' N-42°40" N, 109°16' E-111°25 E),
north of Xilamuren Town, Darhan Muminggan United Banner, Baotou, Inner Mongolia
(Figure 1), which is located on the southern edge of the Mongolian Plateau, and it is a
transitional area from the Yinshan Mountains to the Mongolian Plateau. The topography of
the study area is low in the north and high in the south, with an average elevation of 1367 m.
It belongs to the mid-temperate semi-arid continental monsoon climate characterized by
dry and windy in spring and autumn, with little precipitation, cold and dry in winter, and
concentrated rainfall in summer. The multi-year average precipitation is 284 mm, summer
precipitation accounts for 76% to 80% of the whole year, and the multi-year average
evaporation is 2305 mm, more than eight times the precipitation. The annual humidity is
0.13-0.31, the annual average temperature is 2.5 °C, the annual accumulated temperature
of >10 °C is about 1985-2800 °C, the annual average sunshine duration is 3100-3300 h, and
the frost-free period is about 83 days. The average wind speed for many years is about
4.5 m/s, and the maximum wind speed is 27.0 m/s. The main wind directions throughout
the year are northerly and northwesterly, and the number of days with relatively high
wind levels can reach 63 days. The zonal soil is calcite soil with a rough texture. The study
area is located in the Shandong River watershed, and there is no perennial running water
on the surface of the small watershed. Because the area is limestone basement and has
less precipitation, groundwater is scarce. Stipa grandis P. Smirn is the founding vegetation
group. The dominant vegetation species are Artemisia frigida Willd., Cleistogenes squarrosa
(Trin.) Keng, Convolvulus ammannii Desr. in Lam., Aster altaicus Willd., Agropyron cristatum
(L.) Gaertn, and Leymus chinensis (Trin.) Tzvel.
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Figure 1. Location of the study area.
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2.2. Field Observation Data

Soil moisture and local meteorological data are from the Research Station. AZ-DT
soil moisture monitoring stations (produced by IMKO Company, Ettlingen Germany)
were set up at the bottom and upper slope (BS and US) of a typical northeast-southwest
“sunny” slope of 3° in the scientific observation station for long-term monitoring of soil
moisture. The two observation stations are 541 m apart. The AZ-DT consists of a data
acquisition instrument (made in Australia, DT-80 type) and three sets of time-domain
reflectometers that automatically record soil volumetric water content. The three time-
domain reflectometers were embedded in 10 cm, 20 cm, and 30 cm, respectively, to represent
the soil moisture of 0-10 cm, 10-20 cm, and 20-30 cm soil layers. The soil moisture data are
the average value measured by three sets of sensors. Other observational data, including
soil temperature, air temperature, and rainfall, are from the UGT meteorological observation
(produced by Germany, UGT) located on the same slope as the AZ-DT has similar surface
features, such as the direction, soil, and vegetation types. The soil temperature sensor was
buried 5 cm away from the surface. This study selected soil moisture data from 25 May 2009
to 16 August 2019, with a time resolution of 30 min. After eliminating outliers, adjacent
time periods were used for accumulative average interpolation. The processed original
observation data were calculated to obtain monthly time series, including monthly average
soil moisture and temperature, average temperature, and monthly precipitation. Table 1
provides the above instruments’ detailed information and the data’s accuracy. SPSS®
Statistics 25 software was used to complete data processing and verification, and Spearman
correlation was used for correlation analysis.

Table 1. The location and installation of the observation instrument.

Observation Longitude and . Measurement
Instrument Data Latitude Altitude (m) Accuracy Range
o / "
AZ-DT soil moisture Soil moisture at BS ;111102 102?252/,1\]; 1600 1x1077% 0-100%
monitoring station 41°2110" N
Soil moisture at US 1610 1x1077% 0-100%

UGT meteorological
observation

111°12'34" E

Air temperature ot 0.01°C —30-50 °C
Soil temperature 41 021 ,13 HN 1600 0.01°C —30-50 °C
Rainfall 1117127277 E 0.1 mm >0 mm

2.3. Climate Index Data

The tropical Pacific SST Index (NinoZ, NinoEP, NinoCP, Nino4), Pacific Decadal
Oscillation (PDO), Indian Ocean basin-wide warming (IOBW), North Atlantic Oscillation
index (NAO), and Arctic Oscillation index (AO) were selected to describe the climate
characteristics on the planetary scale and explore the impact of large-scale climate shocks
on the surface soil moisture in the mid-latitudes of the northern hemisphere. NinoZ,
NinoEP, NinoCP, Nino4, and IOBW data are from the National Climate Center of China
Meteorological Administration, and PDO, NAO, and AO data are from the National
Oceanic and Atmospheric Administration. A large number of previous studies have
proved that these eight climate indexes were closely related to climate changes and land-
atmospheric processes in the mid-latitudes of the northern hemisphere [39-44]. Table 2
displays related information on these climate indexes. The above indexes are time series
with monthly time-scale characteristics. In this study, we processed the soil moisture of each
layer at BS and US of the study area as the average value, representing the soil moisture in
the whole study area, and performed cross-wavelet and wavelet coherence analysis with
each climate index.
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Table 2. Source and introduction of various climate indexes from May 2009 to August 2019.

Abbreviation

Climate Index

Explanation

NinoZ
NinoEP
NinoCP

Nino4
PDO
10BW

NAO
AO

Tropical Pacific SST Index
Eastern Tropical Pacific
SST Index
Central Tropical Pacific
SST Index
Western Tropical Pacific
SST Index
Pacific Decadal Oscillation
Indian Ocean
basin-wide warming
North Atlantic
Oscillation index
Arctic Oscillation index

Nino1+2, Nino3, Nino4, and Nino3.4 are defined as the average sea temperature anomalies of Nino1+2 (90° W-80° W, 10° 5-0°), Nino3 (150° W-90° W, 5° 5-5° N), Nino4 (160°

E-150° W, 5° S-5° N), and Nino3.4 (170° W-120° W, 5° 5-5° N), respectively, in the key areas monitored by the El Nino/La Nina event. The climatic average is the average from

1981 to 2010. The NinoZ is defined as the weighted average of the Nino1+2, Nino3, and Nino4 according to the area of the corresponding three sea areas. NinoEP and NinoCP are

Pacific eastern and central Nino indexes, respectively, defined as NinoEP = Nino3 — o« x Nino4, NinoCP = Nino4 — o x Nino3, when Nino3 x Nino4 >0, ¢ = 0.4, when Nino3
x Nino4 <0, & =0.

Tt is defined as the time coefficient of the first mode after EOF decomposition in the North Pacific (20° N-70° N, 110° E-100° W).
The average sea temperature anomaly in the tropical Indian Ocean (20° 5-20° N, 40° E-110° E).

Refers to the inverse relationship between the Azores High and the Icelandic Low.

Refers to the cyclical changes in ground atmospheric pressure between the 55° north latitude area.

2.4. Cross Wavelet and Wavelet Coherence

Wavelet analysis has become an essential tool for analyzing the local power changes
of time series. Cross-wavelet transform is developed based on traditional wavelet analysis.
It can reflect the phase structure and detailed characteristics of the time and frequency
domains and effectively analyze the degree of correlation between the two time series. In
this study, we use the cross-wavelet (XWT) and wavelet coherence (WTC) toolbox of the
MATLAB package provided by Grinsted et al. [32].

Cross-wavelet transform is a signal analysis technique that combines wavelet trans-
form and cross-spectrum analysis. The cross-wavelet transform of two time series x, and
yn is defined as WX¥ = WXWY*, x Represents complex conjugate, and the correspond-
ing cross-wavelet spectral density is [WXY|. The larger the value is, the two time series
have a common high-energy region and are significantly correlated with each other. The
background power spectra PX and P}’ of x,, and y, are defined as follows:

(WX ()W, " (s)| Zy(p) |
D W<P = o PXPY 1)

In the formula, ¢ X and oY are the standard deviations of the time series x, and
Yn, respectively, and the degree of freedom v in the wavelet transform is 2. Z,(p) is the
confidence level of probability P, derived from the square root of the product of two x>
partial wavelet spectra. At the significance level a = 0.05, Z%(95%) = 3.999. The upper
bound of the 95% confidence limit of the red noise power spectrum is obtained. When
the left end of the above equation exceeds the confidence limit, it is considered to have
passed the test of the red noise standard spectrum at the significance level « = 0.05. The
correlation between the two is significant.

Wavelet coherence is to find the covariance intensity of two time series in the time and
frequency domains, which can reveal the significant correlation between them in a certain
frequency domain. The wavelet coherence spectrum of two time series can be expressed

as follows:
|S(s WX (s))

S(sTIW() ) X S(s W 6)P)

R2(s) = @)

In the formula, S represents a smoothing operator, and WX (s) and W) (s) are the
wavelet transforms of the two time series x and y, respectively. Wavelet coherence is
the localization of the correlation coefficients of two time series in the time and frequency
domains. The value of wavelet coherence ranges from 0 to 1, reflecting the local information
of the linear relationship between the two sequences.

Cross wavelet can reflect the common high-energy area and phase relationship be-
tween soil moisture sequence and its influencing factors. Wavelet coherence can reflect the
signal characteristics and significant correlation of low-energy areas. In the cross-wavelet
power spectrum (XWT) and the wavelet coherence spectrum (WTC), the shade of color
indicates the relative change of the energy density, and the dark red and dark blue indicate
the high and low values of the energy density, respectively. The conical area enclosed by
the thin solid circle represents the cone of influence (COI). The boundary effect affects the
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energy spectrum outside the curve and therefore is not considered. The values of the thick
solid line traps in the figure indicate that the significance test has passed the 95% confidence
level. The direction of the arrow reflects the phase relationship between the two (Table 3).

Table 3. The phase relationship is indicated by the arrow direction in the cross-wavelet power
spectrum and the wavelet coherence spectrum.

Direction

Phase Angle Sign Implication

The set signal v, and y; are in the same phase, i, and v

The right direction (RD) 0% (3607) - are significantly positively correlated (p < 0.05).
The lower right direction (LR) 45° N The setting signal y, precedes y; by 1/8 cycle.
The down direction (DD) 90° 1 The setting signal y, precedes y; by 1/4 cycle.
The lower left direction (LL) 135° v The setting signal y, precedes y; by 3/8 cycle.
The setting signal y, precedes y; by 1/2 cycle, that is, y»
The left direction (LD) 180° — and yj are in reverse phase, i, and y; are significantly
negatively correlated (p < 0.05).
The upper left direction (UL) 225° N The setting signal y, precedes y; by 5/8 cycle.
The up direction (UD) 270° T The setting signal y, precedes y; by 3/4 cycle.
The upper right direction (UR) 315° N The setting signal y, precedes y; by 7/8 cycle.
3. Results

3.1. Temporal Variations of Soil Moisture

From the upper to the lower layer, the average soil moisture values of the three layers
at the BS are 20.22%, 12.94%, and 11.16%, and the average value of soil moisture at the
US are 15.03%, 10.43%, and 9.59%, respectively (Figure 2). Soil moisture decreases with
the deepening of the soil depth. Soil moisture anomalies in each layer of the BS and US
(Figure 2) show intense volatility. According to its anomalous fluctuation characteristics,
soil moisture changes have relatively high or relatively low periods for several months or
even years. The conversion between relatively high and relatively low soil moisture periods
is more apparent at the BS than at the US. At 0-10 cm BS, soil moisture was relatively
low from May 2009 to August 2011 and from December 2015 to June 2018. The mean soil
moisture from May 2009 to August 2011 was 4.41% lower than the general average. Soil
moisture was relatively high from April 2012 to June 2015 and from July 2018 to August
2019, and the mean soil moisture from July 2018 to August 2019 was 4.57% higher than the
overall average.

The distribution of the relatively high and relatively low periods in the study period
is consistent in the three soil layers. Before September 2013, there were several periods of
relatively low soil moisture values at the US, and periods of relatively high values were
not obvious. After September 2013, relatively high and relatively low soil moisture values
alternated significantly. It is worth noting that the mean anomaly of soil moisture at the
US is smaller than at the BS. Compared with BS, the US soil moisture increase is minimal.
In addition, as the soil’s depth deepens, soil moisture volatility is also weakened. For
example, during the relatively low soil moisture period from September 2013 to June 2014,
the gap between soil moisture and the mean level of overall soil moisture shrunk as the soil
moisture deepened.
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Figure 2. Variations of soil moisture anomalies at BS and US.

3.2. The Relationship between Soil Moisture and Its Influencing Factors

The conjugate period of soil moisture and rainfall mainly exists in 1-6 months and
10-15 months. On the time scale of 1-6 months, the conjugate period of soil moisture and
rainfall is distributed sporadically (Figure 3). At 10-15 months, the energy and continuity
of the soil moisture and rainfall conjugate period are more substantial, especially at the US,
where the conjugate period runs through the entire time series within the COI (Figure 3d-f).
The relationship between rainfall and soil moisture at the US at this time scale has a good
correlation and stability. At the BS, on the time scale of 10-15 months, the conjugate period
is not global, and it exists from June 2010 to February 2015 (Figure 3a—c). At the US, the
phase angle of the conjugate period on the time scale of 10-15 months is to RD. There is
a significant positive correlation between rainfall and soil moisture at the US (p < 0.05).
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While the phase angle of the conjugate period on the time scale of 10-15 months is toward
LR at BS, the rainfall precedes soil moisture by 1/8 cycle at the BS.

Figure 3. Cross-wavelet power spectrum and wavelet coherence spectrum of soil moisture and
rainfall. ((a—c) are XWT of soil moisture and precipitation at 0-10 cm, 10-20 cm, and 20-30 cm BS;
(d—f) are XWT of soil moisture and precipitation at 0-10 cm, 10-20 cm, and 20-30 cm US; (g—i) are
WTC of soil moisture and precipitation at 0-10 cm, 10-20 cm, and 20-30 cm BS; (j-1) are WTC of soil
moisture and precipitation at 0-10 cm, 10-20 cm, and 20-30 cm US).

According to the WTC of rainfall and soil moisture, the conjugate period distribution of
rainfall and soil moisture in the time—frequency space is consistent with the XWT. However,
the low-energy region’s significance and conjugate period range are significantly more
extensive than the high-energy region. Meanwhile, the phase relationship of the conjugate
period in WTC is consistent with that in XWT (Figure 3). The relationship between rainfall
and soil moisture in this time—frequency space is further proved. The difference is that the
soil moisture and rainfall at the US have a 24-30 months conjugate period from August
2011 to April 2015 in WTC. The phase angle of the conjugate period is to DD, and rainfall
shifts ahead of the soil moisture by 1/4 cycle (Figure 3j-1). With the deepening of soil
depth, the significance of the conjugate period of rainfall and soil moisture on time scales
of 10-15 months and 24-30 months weakens [45].

The conjugate period of soil moisture and air temperature is concentrated over
10-15 months. The conjugate relationship in the COI region from December 2009 to June
2019 is globally significant, with an apparent consistency between soil moisture and air
temperature. In this conjugate period, the phase angle direction is switched in the order
of LR, RD, UR, and LR. The two are synchronized, or the temperature leads or lags soil
moisture by 1/8 cycle (Figure 4).

In WTC, the conjugate period of soil moisture and air temperature at the BS is mainly
distributed between 1-6 months and 8-16 months. On the time scale of 1-6 months, some
conjugate periods with relatively small spectral density are sporadically distributed. On
the time scale of 8-16 months, the conjugate periods are distributed from May 2009 to April
2015. The conjugate periods are most significant in the time—frequency domain, and the
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phase direction is UR; the air temperature change advances the soil moisture by 1/8 cycle
(Figure 4g—i).

e~ o

P

Figure 4. Cross-wavelet power spectrum and wavelet coherent spectrum of soil moisture and air
temperature. ((a—c) are XWT of soil moisture and air temperature at 0-10 cm, 10-20 cm, and 20-30 cm
BS; (d—f) are XWT of soil moisture and air temperature at 0-10 cm, 10-20 cm, and 20-30 cm US;
(g-i) are WTC of soil moisture and air temperature at 0-10 cm, 10-20 cm, and 20-30 cm BS; (j-1) are
WTC of soil moisture and air temperature at 0-10 cm, 10-20 cm, and 20-30 cm US).

Similarly, the conjugate period of soil moisture and air temperature is mainly dis-
tributed on time scales of 1-6 months and 8-16 months at the US. However, on the time
scale of 1-6 months, the power spectrum intensity of soil moisture and air temperature is
weaker than that at the BS, and the range of the conjugate period that passes the signifi-
cance test is reduced. On the time scale of 8-16 months, the conjugation relationship in the
COl region from October 2010 to August 2019 is significant and has global characteristics.
In this conjugate period, the average phase angle of soil moisture and air temperature
goes to RD, indicating a significant positive correlation between air temperature and soil
moisture (p < 0.05). Meanwhile, at the US, as the soil depth increases, the conjugate period
of 8-16 months gradually weakens. The conjugate period that passed the 95% significance
test disappears in the 20-30 cm soil layer (Figure 4j-1).

The XWT and WTC of soil moisture and soil temperature are consistent with the
conjugate period distribution and phase relationship of XWT and WTC of air temperature.
The conjugation periods presented by XWT and WTC are consistent, indicating that the
soil and air temperature in the study area has similar effects on soil moisture (Figure 5).
Only on the time scale of 1-6 months in WTC, there is a slight difference from the WTC of
air temperature (Figures 4 and 5).
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Figure 5. Cross-wavelet power spectrum and wavelet coherence spectrum of soil moisture and
soil temperature. ((a—c) are XWT of soil moisture and soil temperature at 0-10 cm, 10-20 cm, and
20-30 cm BS; (d—f) are XWT of soil moisture and soil temperature at 0-10 cm, 10-20 cm, and 20-30 cm
US; (g—i) are WTC of soil moisture and soil temperature at 0-10 cm, 10-20 cm, and 20-30 cm BS;
(j-1) are WTC of soil moisture and soil temperature at 0-10 cm, 10-20 cm, and 20-30 cm US).

3.3. The Relationship between Soil Moisture and Various Climate Indexes

As mentioned, soil moisture and local meteorological factors in different time scales
are closely related. However, the influence of local climatic factors on soil moisture is
controlled by the global atmospheric circulation system. The results show that climate
indexes are closely related to local air temperature and soil temperature, especially NinoCP,
Nino4, and PDO, showing a very significant positive correlation (p < 0.01). There was a
significant positive correlation between NinoZ and local air temperature and soil temper-
ature (p < 0.05). There was no significant correlation between climate indexes and local
rainfall. The temperature change of the study area is mainly controlled by the Pacific
region’s climate indexes (Figure 6).

The XWT energy conjugate periodic distribution of NinoZ, NinoEP, NinoCP, Nino4,
PDO, IOBW, and soil moisture was similar. NinoZ, NinoEP, NinoCP, Nino4, and PDO
have a very significant positive correlation (p < 0.01) (Figure 6). The similar variations
of these climate indexes may cause this similarity. The conjugate periods were mainly
distributed on time scales of 4-7 months and 10-15 months (Figure 7a—f). Among them,
the conjugate period distribution of NinoEP that passes the red noise standard spectrum
test at the significance level o = 0.05 was more extensive, and the power energy was
stronger (Figure 7b). The average phase angle in the conjugate period of 10-15 months
was 45°, and the NinoZ, NinoEP, and Nino4 transform advances the soil moisture by
1/8 cycle (Figure 7a,b,d). The conjugate period range and energy of NinoCP and Nino4
were relatively small (Figure 7c,d). The average phase angles of the conjugate periods
of PDO and IOBW distributed on the time scale of 10-15 months were 135° and 315°,
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respectively; the PDO precedes the soil moisture by 3/8 cycle and the IOBW precedes
the soil moisture by 3/4 cycle. The response of soil moisture to PDO and IOBW in the
study area is relatively lagging compared to the four climate indexes in the tropical Pacific
(Figure 7e,f). The conjugate period of NAO and soil moisture in XWT is roughly distributed
on a time scale of 4-7 months, and the average phase angle of the three conjugate periods is
360° £ 45°, which means that NAO has a significant positive correlation with soil moisture
(p < 0.05) (Figure 7g). The conjugate period distribution of AO and soil moisture in the
high-energy region is relatively scattered, and the intensity is relatively small (Figure 7h).

NAO (0.22 0.19 0.28 0.26 EU¥I 3 EURE] 0.15
PDO NiR:¥A 0.57 KONE) 0.51 0.21
AO (0. 0.07 SN EURENES

IOBW

0.48 0.53 0.35 0.53 ¥ 0.15 0.43 0.41
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Figure 6. Correlation analysis between climate indexes and influencing factors in the study area
(* Significant correlation at the 0.05 level; ** Significant correlation at the 0.01 level).

WTC highlights the relationship between soil moisture and climate indexes in low-
energy regions in the time—frequency domain in the Inner Mongolia desert steppe. The
four climate indexes (NinoZ, NinoEP, NinoCP, and Nino4) and soil moisture were mainly
distributed on the time scale of 1-8 months, and each conjugate period was intermittently
distributed in the study period. The conjugate periods of NinoCP and soil moisture were
not significant (Figure 8c). The distribution and energy intensity of the conjugate period
in the WTC of PDO and NAO are greater than other climatic factors. PDO and NAO
correlate well with soil moisture in this time—frequency region. Studies have shown that
they are the main telecorrelated climatic factors that control soil moisture in the desert
steppe of Inner Mongolia [46] (Figure 8e,g). The conjugate periods of AO and soil moisture
were not significant (Figure 8h). The conjugate periods of soil moisture and IOBW are
scattered sporadically on the time scale of 1-10 months. The average phase angle of these
conjugate periods is upward as a whole; the change of IOBW precedes the soil moisture by
a 3/4 period (Figure 8f), which is consistent with the phase angle represented by the XWT.
It reflects the hysteresis of IOBW's influence on soil moisture in the study area.
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Figure 7. Cross-wavelet power spectrum of soil moisture and each climate index. ((a) is NionZ; (b) is
NionEP; (c) is NionCP; (d) is Nion4; (e) is PDO; (f) is IOBW; (g) is NAO; (h) is AO).
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Figure 8. The wavelet coherence spectrum of soil moisture and each climate index. ((a) is NionZ;
(b) is NionEP; (c) is NionCP; (d) is Nion4; (e) is PDO; (f) is IOBW; (g) is NAO; (h) is AO).

4. Discussions
4.1. Variations of Soil Moisture at Different Slope Positions and Depths

Soil moisture results from comprehensive effects of atmospheric changes, soil physical
characteristics, geological geomorphology, surface plants, and other factors [47]. Differences
in topography and relief will affect the occurrence state of soil moisture [48]. On the same
slope, different slope positions will affect the redistribution of rainfall [49]. A low-lying
slope is susceptible to the secondary influence of surface runoff and soil flow generated by
a high-lying slope position. The catchment effect increases soil moisture and its fluctuation
at the BS [50]. Su et al. [51] and Zhang et al. [52] showed that the soil moisture at the BS
was greater than that at other higher slope positions, which was consistent with the results
of this study. Differences in temperature and precipitation at different slope positions lead
to differences in surface vegetation. The structure, density, and depth of vegetation roots
affect the physical properties of soil (i.e., soil structure, texture, bulk density, and porosity),
thus changing the soil water capacity and retention, which determines the infiltration
and storage of soil water [53]. On the other hand, the above-ground part of plants also
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affects soil moisture change. Compared with the US, the herbaceous vegetation at the
BS has higher coverage, height, and richer community structure. The higher leaf residue
and transpiration reduced the supplement of soil moisture by rainfall. It can be seen that
vegetation has both positive and negative effects on soil moisture. According to the results
of this study, the replenishment of rainfall and the redistribution of rainfall by topography
are greater than the interception and dissipation of rainfall by plants, and the difference of
vegetation among different slope positions does not cover up the influence of topography
on soil moisture.

The influence of rainfall on soil moisture is from the surface layer to the deep layer.
When precipitation occurs, the soil surface is replenished first, and when the soil surface
water content reaches saturation, the soil water permeates to replenish the deep soil. With
the deepening of soil depth, the infiltration decreased gradually. Soil evaporation also
starts from the surface layer, forming a vertical distribution pattern of soil moisture that
decreases as soil depth increases, which is consistent with the results of Zhuo et al. [54]
and Zhang et al. [55], and also indicates that the 0-30 cm soil moisture comes from rainfall,
not groundwater. Deep soil is less disturbed by atmospheric environmental factors than
surface soil. It has less fluctuation of soil moisture, which is consistent with the research
results of Wang et al. [56]. In desert steppe regions, infiltration depends on the rainfall of a
single rainfall event, and infiltration with a more negligible single rainfall may not reach
deeper soil [57]. Deep soil’s regulation and storage effect will also weaken the variation
range of soil moisture [58].

4.2. Relationship between Soil Moisture and Climatic Factors

In the desert steppe region, rainfall is mainly concentrated in summer, and winter
precipitation is mainly in the form of a small amount of snow. When the temperature rises
in spring, the surface snow melts and replenishes the soil moisture. The fluctuation period
of soil moisture is mainly distributed in spring, summer, and autumn, and soil moisture
is low and stable in winter [59]. In a dry year, a relatively low value of soil moisture will
be formed, such as from May 2009 to August 2011 at the BS and from August 2013 to July
2014 at the US. Suppose there is more precipitation in autumn, and the temperature warms
early in spring. In that case, the stable winter period will be shortened, and the relatively
high value of soil moisture will appear, such as from July 2014 to August 2016 at the US.
The conjugate period of soil moisture and rainfall is sporadically distributed on the time
scale of 1-6 months based on the results of XWT. It confirms that the effect of rainfall on
soil moisture on a smaller time scale has the property of pulse, consistent with the research
results of Liu et al. [45].

Rainfall and evaporation are two important disturbance factors of soil moisture. Evap-
oration continuously dissipates soil moisture, while rainfall has a pulse effect [45]. It was
found that soil temperature, rainfall, air temperature, and soil moisture all had a highly
consistent conjugate period of 8-16 months. The phase angle of the conjugate period reflects
the retardation of the effect of rainfall on soil moisture, which is consistent with the research
results of Fan et al. [60] and Chang et al. [61]. On the time scale of 10-15 months, compared
with the US, the conjugate period of soil moisture and rainfall at the BS is not regionalized,
which may be because the surface runoff and soil flow formed by rainfall prolong the
influence of rainfall on soil moisture and increase the lag of the influence of precipitation
on soil moisture at the BS. It also weakens or destroys the periodic coupling between
rainfall and soil moisture [62]. The response relationship of soil moisture to precipitation in
desert steppe demonstrated by XWT and WTC in this study is consistent with the research
results of Chen [63]. Soil moisture was closely related to air temperature, precipitation,
and soil temperature on a seasonal scale. Under rainfall and temperature influence, soil
moisture showed clear seasonal rules, basically consistent with the research results of Chen
and Zhou [64] and Wang et al. [65]. This study confirmed wavelet analysis’s feasibility in
studying soil moisture in the desert steppe. In addition, it provided scientific support for
the quantitative analysis of soil moisture and climatic factors in this region.
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Our results show that climatic factors NinoZ, NinoEP, NinoCP, Nino4, PDO, and NAO
are closely related to soil moisture in arid and semi-arid areas in mid-latitudes. However,
the results of correlation analysis and wavelet analysis are different, and the climate index
may affect the local soil moisture in different ways and degrees. The climate indexes in
the Pacific region are closely related to the local temperature (air temperature and soil
temperature), and the climate indexes in the Pacific region may affect the change of soil
moisture through heat transport and, to a lesser extent, the water vapor transport. In
the wavelet analysis, PDO, NAO, and soil moisture also showed a strong correlation.
Climatic factors can affect atmospheric circulation and hydrothermal transport by causing
sea surface temperature changes, thus controlling regional temperature changes resulting in
soil moisture changes. Air and soil temperature continuously control the process of surface
evapotranspiration and thus affecting the change of soil moisture. Many studies have
confirmed that the influence of the Pacific and Indian Oceans on mid-latitude arid and semi-
arid regions is mainly achieved through the influence of the East Asian monsoon [66,67].
The SST variation and atmospheric movement over the Pacific Ocean control the intensity
of the East Asian monsoon by influencing the difference in atmospheric pressure intensity
between the land and atmosphere, affecting the water vapor transport and precipitation in
the arid and semi-arid areas of northern China. Then they transfer oscillating signals of
different frequencies of atmospheric circulation to the soil moisture in this region [68].

The earth’s atmospheric circulation is a complex system interacting with each other,
and the influence of a single climate index on soil moisture may be interfered with by other
climate indexes and local climatic conditions. It is necessary to consider the correlation
analysis between atmospheric circulation and regional soil moisture. Future work may
consider the influence of the whole ENSO cycle system on arid and semi-arid regions. At
the same time, the effects of climatic factors on soil moisture characteristics in arid and
semi-arid areas should be analyzed from a mechanical perspective. On the other hand, the
change in soil moisture may be related to drought disasters in arid and semi-arid regions.
This study shows that the change of soil moisture has a specific time lag in response to
the Pacific climatic factors, so it can be used to predict the occurrence of regional drought
through the change of Pacific meteorological factors, providing theoretical support for the
disaster prediction of grassland.

5. Conclusions

Soil moisture varies significantly at different slope positions and different depths. With
the deepening of soil depth, both fluctuation and mean value decrease. The relationship
between soil moisture and meteorological factors depends on each other at different time
scales. The influence of rainfall on soil moisture was significant at time scales of 1-6 months
and 10-15 months, while air temperature and soil temperature showed stable and con-
tinuous periodic influence on soil moisture at the time scale of 10-15 months. On the
larger scale, climate indexes for the Pacific region, PDO, and NAO were strongly correlated
with soil moisture, mainly at time scales of 4-7 months and 10-15 months, which were
the main climatic factors controlling soil moisture in the desert steppe of Inner Mongolia.
In addition, PDO and IOBW showed a strong lag effect on soil moisture. The results of
this study provide insights into the coupling behavior of Inner Mongolia desert steppe
soil moisture and climate index changes on a global scale. The telecorrelation impact of
climate indicators on surface characteristics is of great significance to the development of
agriculture and animal husbandry and water resources management in the desert grassland
of Inner Mongolia.
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