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Abstract

Based on the temperature, precipitation data and soil moisture observation data from meteoro-
logical observation stations across counties of Tai’an City from 2015 to 2024, this study employed
the Mann-Kendall non-parametric test combined with Theil-Sen estimator to quantify spatiotem-
poral trends. Pearson correlation analysis was applied to assess linear statistical associations be-
tween temperature/precipitation and soil moisture. The Kernel Granger Causality (KGC) was fur-
ther introduced to quantify nonlinear causal effects of temperature and precipitation on soil mois-
ture. Results demonstrated that: (1) Soil moisture differentiation: Xintai demonstrates a statisti-
cally significant increasing trend, while Dongping and Ningyang show a significant decreasing trend,
and the continuity of the trend may lead to an increased risk of water deficit in the future; The pe-
riod from May to June marks a low soil moisture phase, representing a critical risk period for main-
taining regional soil water retention. (2) Precipitation as a key driver across the domain is signifi-
cantly and positively correlated with soil moisture (strongest in Xintai), and KGC confirms its non-
linear causal effect; (3) Temperature regulation exhibits regional heterogeneity: Significant nega-
tive correlations exist between temperature and soil moisture at all sites except Xintai. Both Tai’an
and Feicheng are subject to nonlinear causal effects from precipitation and temperature. (4) Re-
gional specificity: In Xintai, significant nonlinear causal effects of temperature were detected de-
spite statistically insignificant correlations, suggesting complex internal regulatory mechanisms;
Dongping and Ningyang lack independent causal contributions from temperature, where soil
drought risk is predominantly driven by precipitation deficits, with temperature acting as an am-
plifying factor. This study provides a scientific basis for regional water resource management and
drought risk mitigation. Future research should advance causal attribution by integrating anthro-
pogenic drivers.

Keywords

Soil Moisture, Temperature, Precipitation, Correlation, Nonlinear Causality

Copyright © 2026 by author(s) and Hans Publishers Inc.
This work is licensed under the Creative Commons Attribution International License (CC BY 4.0).
http://creativecommons.org/licenses/by/4.0

1. 5|8

TR AR AR K G Z O S 1] (2], 2 XK LR R RE I R bR, a2k
A E LS E S R AEF=[3] [4]. TR E BEREWED K BERARL, B REKEE
[5]1[6], FREIEIE 28 HUK B im0 DX 48T 5 Bk 7 RS [ 7] [RIEE, A Dy 22 P T R B 20 () G B A 2480
[8], IR B ARSI L8 X R R T RE J1[9]. BRI, IR ENT X 3k 1 588 fE 5 S
(EEEZR (A AR FIALE, SR IX ISR SRR A B . 39 SR IE RIRE J) A A7 45 52 9 IRV DL R Fpd
A BAEEREN10][11].

SV AR A 7 B M A SR A I £, AR DR K B AR BRI B B35 [12] [13]. H AT,
ﬁﬁi%ﬂﬁmﬂﬁﬁé%ﬁT%ﬁﬁ%ﬁﬁﬁ%ﬂqmgiﬁﬁaﬁﬁﬁ,ﬁﬁﬁ@,ﬁ%ﬁﬁ~%%
BR G R AR Gt BT S 7 B35 BUR[15]-[17]. 281, BRI - KRG —MUEEAR R

DOI: 10.12677/ccrl.2026.152030 252 AAEAR LI 5T g


https://doi.org/10.12677/ccrl.2026.152030
http://creativecommons.org/licenses/by/4.0/

ARl S

WL IR NERR & RS, ARG NE T A RN o St AR 3 55 AR LA N A7 2 SR PR, BT DL 2497
PR RO A I U ] B e W T il — AN . AR R R IR — MR R, HRET
R R Z AR ELAE FIALED, B ARk R 0 M e s A G U5 V5 18U VB 2 R R R AR 18]

BT AZR 2T X R DY BT 2015~2024 4F 3R 5 GO E s, 70 W X IR E sh & &
K55 ERNEN SIELEREIE R, B @il Mann-Kendall EZ UG K5 Sen RIR AR, =it
IR ALY o SRR R Pearson AHOG T TIRAN A 7K 5 SIS RO 2 P QIR o I 5 A 2 A% 1
1% ARPERR IR (KGC), SR -5 B/ 388 B2 (AR 2 MR D SR s L . il i s A8t 2ok
BR5 BRERAS I 1 08, DU 3K SR & BEA A 5 A RUR S SR R A AR

2. AREFZE
2.1. BEERIR

ASHIT FEHCE R 2 22 T [ 82 GOL I il 1 SR 9 R e, DR [ S AR R i ) UL AT
Bk H8s . B2 B, T BN P otk fl. AR B8 SO 2 i 3 AR S K&
IR REK B 20 b, ARHE T ) 20 em HIEARRHEE (%) Bt . 20 cm A FR)Z SRR, BRRemt
DR TIRAHLERE), AR B K S LR ) [19], R S BB AR 205 30 2 (2 O A )
AL T I FKPRGL20], EWHEAESARNL R H 20 em SRR HSESNEE L, S5H
At SRR B e A P SR, B AR T XA 7L AR 30, MBIk B, HIRIR R AR 20
cm HHUHXHESE

22. ARFZE

22.1. TREH
By B BORE B K A8 57 2R 8 (Coefficient of Variation, CV)#i &, CV & X NI Z (o) 5 H AT H1E (1)

fl L
cv =Zx100%
H (1)
CV HMK, RUMX BEEREE#E . MR Tz, cV i#EaRHEERSSMmZE, THER
T2 IR i Eh 217

222 BERESREEN

Dk LR B R ARG T R I A AR A AR %, ARFSUCR A T Mann-Kendall JE2%)
R EE (MK K 56) 1 Sen £ 1172 (Theil-Sen estimator) [22]-[24]. MK 656 56 T 50 E AR T A a4 1
B, PR A o T R EL R AR [25]. MK RIEIIGEIHRE S TS R T M EE A
ETtEas, BN NG, B R E KT RE N p < 0.05.

s=y" I, sgn(x, —x,) )

Sen R F M THEMEIL 155 T A T RE RO RER ) P AL BOR M THE S IR, FIRERARRETE[26].
Sen RERA THEAA THE 208 5 (8) &7 HALI [7] A 22 B AR AL

p= median( al - _ ).C" J
I 3)

DOI: 10.12677/%*.2026. ***** 253 SR TR



https://doi.org/10.12677/**.2026.*****

AR A

2.2.3. HHXMST
RNEA T RIEE SR BRI CBRRE, R Pearson FRAHAN 2 REL(n AT 08T, HAHHET
AR 5 2, X IR T 5 AR R K AR S E AT 2 B, VPR LR M A R .
r, = z,-:l(x;;)_f)(yi_yz (%)
Jx =%, -7)

224. ETZABZRERSZE

BT R R TR (KGO VAR IS 2R IR R, IR A IRAR R 25 (DR A% 2 28 R SR G R
IR ARLRERE L. KGC REMEACHEE P55, IR 2R M GC ey 22 3 f e [ 27] [28]. KGC 7
TREE TR TT iR S i ()P 5 2 [ RS 22 AR R SR SE R R KGC I 25 B, TS AL [27] [28].

KGC,.,, =3, (P (1) /Z,(()-7()) ©)

BT AL B ()2 TR A AR A KRR T ) 2 B LU, R f8 5 E Bonferroni /2 IEf Student’s t-test 2K

BERARIR IR AR, DAg iR UL i R 28] [29].
KGC W] 3% 4% bR 5 6475 2 T 5% o K (p) A v A% pR B (), H 2 DAAEAIT 0 A B v 307 AL A I AS e e e 12k
RE, 0 AR LR M A AR SR N B FERSAR[27] [29], BT DAASHIF 7 3% FH 22 A% ek B0 AT A2t 20 #T

3. ERESH
3.1. HIEEEFRRTIFE

100
90
80
&
A
70
LH
o
._H
60
- RF
504 |- enee
1
40 T T T T T T T T T T
2014 2016 2018 2020 2022 2024

Ay

Figure 1. Inter-annual variation of soil moisture from 2015 to 2024
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Table 1. Coefficient of variation of soil moisture
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Figure 2. Inter-monthly variation of soil moisture from 2015 to 2024
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Figure 3. Significance and rate of change rate of long-term trends in soil moisture. ** indicates sig-
nificant at the 0.01 level
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Figure 4. Inter-annual variation of precipitation and temperature from 2015 to 2024
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Figure 5. Strength of linear response (Pearson correlation coefficient) of precipitation and temperature with soil moisture. * indicates
significant at the 0.01 level; * indicates significant at the 0.05 level
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Figure 6. Strength of nonlinear causal effects of temperature and precipitation on soil moisture
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