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Response and Simulation of Slope Soil Loss to Freeze—Thaw
Action on Qinghai—Xizang Plateau

ZHAO Hongbo, ZHOU lJinlong, SHI Bohao, TIAN Fangxiao, YU Wu

(College of Resources and Environment, Xizang Agricultural and Animal Husbandry University, Linzhi, Xizang 860000, China)
Abstract: [ Objective] Freeze-thaw (F-T) action is a major factor influencing soil erosion in cold regions. The
Qinghai - Xizang Plateau experiences pronounced seasonal F-T cycles, with soil freezing in winter and thawing in
early spring. This study aims to elucidate the response of slope erosion to F-T action. [ Methods] Using alpine soil
as the study material, a series of indoor simulated rainfall experiments were conducted to analyze the effects of F -
T action on slope erosion and sediment transport modulus under combinations of different rainfall intensities (40,
60, and 80 mm/h) and slope gradients (5°, 10°, 15°, and 20°). Furthermore, three prediction models of sediment
transport modulus were established: a single-factor model, a regression model, and an incremental model.
[Results] 1) After the F-T action, the sediment transport modulus on the slope increased significantly (p<<
0.05), with an increase ranging from 16.74% to 86.87%. Under low rainfall intensity (40 mm/h), the increase

was the most pronounced, with an average rise of 54.37% , which was higher than those under higher rainfall
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intensities (60 and 80 mm/h). High rainfall intensity tended to mask part of the F-T action on erosion. 2) Both
before and after F-T, the sediment transport modulus exhibited a linear positive correlation with rainfall intensity
and slope gradient (y=ax—+6), and their effects showed an interactive relationship. On non-F-T slopes, as the
slope gradient increased, the influence of rainfall intensity on sediment transport modulus gradually strengthened.
After F-T action, there was a critical slope gradient (about 15°) for the effect of rainfall intensity on sediment
transport modulus. When the slope gradient increased to this critical value, the effect of rainfall intensity reached
its maximum and subsequently began to weaken. 3) Stepwise regression was used to establish the non-F-T
sediment transport model T,,=0.047 43SQ-+1.842 4Q — 66.33 (R*=0.99, p<C0.05) and the F-T sediment
transport model T,,=0.016 012Q*+0.065 525Q — 10.09 (R*=0.98, p<C0.05). The slope sediment transport
modulus was mainly influenced by rainfall intensity and the interaction between rainfall intensity and slope gradient.
Before F-T, rainfall intensity explained 70.58% of the variance in sediment transport modulus, and the interaction
effect explained 28.50% , with a residual error of 0.91%. After F-T, the explanatory power of rainfall intensity
decreased to 57.60% , while that of the interaction effect increased to 40.44% . These results indicated that F-T
action weakened the direct effect of rainfall intensity on sediment transport modulus but enhanced its interaction
with slope gradient. [ Conclusion] The research findings can provide a theoretical basis for the quantitative
assessment and control of soil erosion in alpine regions.
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Table 2 Two-way ANOVA of slope sediment transport

modulus
=
%W KW AME ADL.  F g/*;
Q 2 8077.0 694.37 0.01 70.58
KUk SQ 1 3261.4 280.38 0.01 28.50
W2 9 104.7 0.91
Q 1 8893.8 263.85 0.01 57.60
HEh o sQ 1 62438 18523 0.01 40.44
2 9 303.4 1.96

T+ FH B R 2k R AT 0k ST AR Ak RO s ADJgg i IR 2l 57 figt
RO AR 22 F NN R 3 07 /iR 2205 s p HTE R T
Y I I T R R R N R B R B O i R R
75 92 (1 TR EE

http. // stbexb.alljournal.com.cn



220 KRR

840 %

Ik J7 25 4 b R WY & TN B A (p<
0.05) o 8 A i filt 33 11 v, W AR S 0N B R R R 24 o
76.79% , 3 BE X TR 8 A B4 i 22.48 %4 5 7F 5 il 4L R
rh R R R A R R, 2 64,6300, T BE X
58 28 B 24 7 33.30%0 , & B 3 1HT 28 VR Al e, B DL
T 5 B S L VD B R A R S R S Y
28 BN B O
3 9T i
3.1 KRELER X EE AL E

Vi filVE FH G 3 IR - A A R AR 3 T Y
SR (A 3 BT S B A o, S SO T D R R
PET S ARWF ST R I, & IR AR S 4 B 1 A TR S
T4 A S v BB T 16,7406 ~86.87 %0,
H1 40 mm/h Z5 4N & 3 B2 R e At [ R R A VD
BARTHA o3 i K, 451 54.37 %0, 11 60,80 mm/
h R SR T VD BLECRE T A e ORI, 7 38 40 i 42 T
19.87%%.23.32 % , 3¢ W1 VR Rl AV FH 76 FR 5 45 /N, 0T 3
THT 2 ol 5 0 235 SR 5 e B R, 2 fR T R SR AR /N, AR
UL B RE S, A R R T AR B A U0 2 RN B R
FlVE TG, e Uk, K 45 48 7= A2 B IR, DA T 5 B 10
g5 R bR B T, BB TR N B B L4 60,
80 mm/h RN 3R 45 {1 T , A2 U S5 AR A B (A5 i Vb &5 SR 45
K, B U BBGR T+ A 43 LA 40 mm/h R 5 W]
8, 3R W R Rl 2% 1 o A 1 A R 2500 FE = K I B0 g
VEF TR AS /AN SR I T 5 3 4 TS, o Al PR T
S L TR R €S W n AN SR TR 8 € B
Y AR, R W K I B BE A F R YRR T 52
TR C LY TRUESE NI STl it WNPOR  TRUY %82
M) 7 58

VRN IS S € R UERE L/ ) I (215 i S A
VI JBE DR 7 6T i V0 M50 10 52 g R A B T 48 R
BGOSR T, v BB 5 B SRR PR IR AR OG
B 28 VRIS, 358 T4 A8 38 1 T VR AT, R ml A T
5 B R X R VD BB S A5 BT T R
55 % T i R A AR PR TE RH OG VR Rl B B R A 42
T, Bk T 5% X i v A BRI B ) 32 T 4 5 ( Q RL R 1
T, VR il S B 3 A 4 T I R R R X i D A
A 5 Ve S 8 5 S U5 L 1570 B I R R R, R
BlE B VD AE 10~ 1577 e 0 B M . AR g,
A B 4 KO BB R BB AAAE T 10°~15, Tk
T 1) 30 88 IR e 2 1 — A 3 B R B B 4005 A DGR
I 1 2R HEA TR T A5 e SE
32 AMARESBETAEETHNENSERRE

Y AE SR, T 9 R K S AR R i B T 3 Y
| R 1 s 8 Py 8 0 N w1

PR B A Ik B i B R A ) X T R R
PEVRAL X, F R 5 R SRR B, &%
T BICH 2R AR AN AE VA AR o e L 5 R B A
A % T B A A VR I R] 4R A LA R U0 AE 3 R il
R T A e e 1 O s = O VN T e
IR RURS: 0 ke AR bk i SR AE S R e S £
SRR B PR A Rk Y AR ik W I 5 T T
VB T 5 A G T VR VR X 42 ok iy 5 g

A5 2 B, A P 5 e T VD B, i
1o B A e T R R X A v A B R e o o Tl
HeqZ b TEERAE T, M B R R R R X 4 M A
T B 52 e X T i AR ) R AR AR B (S<T15°) MR R T
5 B (Q<C40 mm/h) Z 48 T, VAR Rl A AT 1 3842 1ok 11
S T Ry B RGBT 5 R, R AR
MO TR R QI NE R e R RN (E D O R [N
FEAT BK G 25, 3¢ B VR mil A FH 6 o KO Bl B AR R T 1
AR AT B AT SR AL B AR . AU AR A R B
e it R AR K AR 8 R RV S R A K 3 R R
R VR AR F S RN 58 BN i 45 AR 2 AR R
1 42 i XURS: B . PRI, R R R FE ML X
+ 42 Dl BT A 0 W R T 43 P IR VR ek R Y R Y
RiAE B U Rl PR 5 B R R B N T . L H AR
JEE =157 DX 38, 17 A o 1 38 3 30 e 4 e 8 it L &5 & K
AR FFE AR WA 7 1

AW 5 I U b A PR G 35 T AR ok ) S 3 R
AR AETE— SR BR M . 1 5, AR5 AR 1 VR
T8 A, oA BE 25 18 22 UK U il A0 B XoF - HE 285 44 11 3R FR g
RN o 22 R VR G B4 1T B 1 — 2 i A8+ 8 A L BR
S5 F 5 A R e M TG 8 R o VD 1 B i
T o HUR A 5 AL AT X B — 3 B 5 B T i R 4
A RTINS, A Ok N AR B £ 3 S R T R A G
T HEAT IS, A 4 1 P4 R BRSO A 3 B
FAF T B AR TR . S S L AR ST BT R
OL I T A Ry B B A K T 52 B s 2 DX o K P 7
BE A2 F R e T A A R R R R S R R AR OK
WFoE i Eik— WA FZ &
4 4 it

1)V mil A W 3 B v v o b R R, B IR R
16.74%~86.87% . 1E 40 mm/h /58 545 T, ki v 4t
B 2448 71 54.37 % 5 M 78 60,80 mm/h F 51 F , “F 1
HEWR Y 2492 20.00 %6 , 2R W4 = /K Ui ) g N VR o Bk
TET 32 1 18 345 280 43 B v K U B0 e T

2) VR RlHI , B T A VD AR A R e R 0 R g B 2k
PEIEAH ¢, HLF 58 55 0% 1 0] v A5 5000 5 R A AE A2
LR < B 2 P G K, R R A 5 B A B T 5

http. // stbexb.alljournal.com.cn



5 2 34 B A 7

B et I T 39 Y R X VR R AR ) D 5 A 4L 221

I, 3 B8 %) 5 el AL A B 3 5 RERS L VD AR S T
SHR R 3 R TS DR 5 2 1 TE AR O, B 38 X v B Y
S W) X S R O O 0 3 ELAEAE I SR (2 157)
Y AR T ISR, RN A4 5 1) B 39 3 1 o 4 e 3
JE R 15°J5 , FR R A 5 e DU) A T D 553

30 ) A AR T 3 T A S AR AR A R

S N B RN Te,=0.047 43SQ+1.842 4Q — 66.33

(R*=0.99,p<<0.05) , Rl 551 T h Te,=0.016 012Q°+

0.065 525Q— 10.09(R*=0.98, p<<0.05) , % il /F 1 5

By VD B KRG T B R ATe= — 0.016 012Q° —

0.018 09SQ+1.842 4Q — 56.24 (R*=0.98, p<<0.05),

P P 22 B35 8 T 0.98 , 38 BB AU 5L AT A 4 1y 7510

W R o o B kB, U il R e VD B 2

T 5 S H 5 8 R Y 28 ELVE S e, H b ) g v

LB il BT 5 70.5800, sclﬂ’ﬁﬁﬁ%z 28.50% ; 4 il

J T 9O VD S BRI S e 2 B R R BOG & L T

28 HAE FHATY PR FF 1k IE A G ,\ﬁ’q’:flf%f“h}'ri

40.44 % , TR 3 0 i 8 B2 DU R R 22 57.60 %6 o 3R W] R il

B FH Ui 553 T 568 %o i /0 A 578 A 1) 2 5 ), {HL 3 5

T 98 5 3 R A5 T AR % i b sk AR R S )

B %k :

(1] B, X500, sk BRI, 45 .+ 442 il st A 5 68 8 F 5
[J]. %5 RL 2% ,1999,21(5):9-18.

SHI P J, LIU BY, ZHANG K L, et al. Soil erosion
process and model studies[J]. Resources Science, 1999,
21(5):9-18.

(2] WRMIAR, BRE IR, EHBL%M%@%E?H“E*&%M%
S LT R E BB BT, 2017,32(9) :924-931.

YAO T D, CHEN F H, CUI P, et al. From Tibetan
Plateau to third pole and pan-third pole [J]. Bulletin of
Chinese Academy of Sciences, 2017,32(9):924-931.

(31 RS, XEE, ARk, % .2002—2020 4F 5 j8 5 I T H
e A M VR RGP A AR T[T ] T A 4, 2023,
78(3):587-603.

SHEN Q K, LIU X G, ZHOU X, et al. Spatio-tempo-
ral variation patterns of diurnal freeze-thaw cycles of the

near-surface soil on the Qinghai-Tibet Plateau between

2002 and 2020[ J].Acta Geographica Sinica, 2023,78(3):

587-603.

(4] FESCWI, FMEIEY], 4 R mE 2600 8 4 AR R R e
PSS M AT s (], K R Fr 2 4R, 2022, 36
(1):66-73.

WANG W G, WANG B, GU W M, et al. Effect of
freeze-thaw cycles on soil aggregate stability and micro-

structure of black soil[J].Journal of Soil and Water Con-

servation, 2022,36(1) :66-73.

[5] YUE Y, NI JR, CIAIS P, et al. Lateral transport of
soil carbon and land-atmosphere CO, flux induced by
water erosion in China [J]. Proceedings of the National
Academy of Sciences of the United States of America,
2016,113(24):6617-6622.

[6] M F2F 2k mE, X5, 55 B 1 ey SR EDD B8 1 DX 3

T IR DL B BT S IR AE S (7] A S IR AT,
2024,29(2):216-228.
XIAO Z N, L1 Z Q, ZHAO L, et al. Precursor signals
for climate prediction based on thermal conditions of the
Tibetan Plateau and Indian Ocean[J].Climatic and Envi-
ronmental Research,29(2):216-228.

[7] 7ZHANG K, ZHANG C C, WANG Z D, et al. Valida-
tion of soil detachment rate equations on spring thaw
period slopes: Insights from sediment concentration and
transport capacity [J]. Water Resources Research, 2024,
60(12):e2024WR038411.

[8] ZHANG X Y, ZHANG Y Q, QIJY, et al. Effects of
changes in freeze-thaw cycles on soil hydrothermal
dynamics and erosion degradation under global warming
in the black soil region [J]. Water Resources Research,
2025,61(3):e2024WR038318.

[9] ZHANG Y P, FUY, XU JZ, et al. Impact of freeze -
thaw cycling on the stability and turnover of black soil
aggregates| J].Geoderma, 2024,449:e117004.

(101 FhETE, RA&T™, 2 bk, 4 . g ml oy L3e s e 1 4=
Tl BEL 3 A S [ D] Aol TR 2741, 2020, 36(11) : 57-65.
SUN B Y, WU Z G, LI Z B, et al. Effects of freeze-
thaw on soil detachment capacity and erosion resistance
[J]. Transactions of the Chinese Society of Agricultural
Engineering,2020,36(11):57-65.

[11] SRCERHE A0, okk £, 45 . 7 80 JU 2719 R 1 IX - e o

Al o R K HROR 5 R AR [T )L vk IR £, 2020, 42(2)
390-398.
DAIL C, KE X, ZHANG F W, et al. Characteristics of
hydro-thermal coupling during soil freezing-thawing pro-
cess in seasonally frozen soil regions on the Tibetan Pla-
teau[ J].Journal of Glaciology and Geocryology, 2020, 42
(2):390-398.

[12] sk A2 K0S , B, 45 00 1 Ik 100 200 ¥ 8] 0 403 £ ol
XA BB I SR A9 5 B M [T]. 3SR, 2023, 60
(5):1398-1408.
ZHANG F B, LI X T, SHEN N, et al. Quantitatively
partitioning organic carbon loss by interrill and rill erosion
on the loess slope [J]. Acta Pedologica Sinica, 2023, 60
(5):1398-1408.

[13] GOVERS G, WALLING D E, YAIR A, et al. Empiri-

http. // stbexb.alljournal.com.cn



222

PSRV R 3

840 %

[14]

[15]

[17]

[18]

[19]

[20]

[21]

cal relationships for the transport capacity of overland
flow[A]//WALLING D E, YAIR A, BERKOWICZ
S, et al. Erosion, transport and deposition processes[ C ].
Wallingford : TAHS Press, 1990:45-63.

KINNELL P T A. Interrill erodibilities based on the rain-
fall intensity-flow discharge erosivity factor [J]. Austra-
lian Journal of Soil Research,1993,31(3):319-332.
BULYGIN S Y, NEARING M A, WEST L T. Inter-
rill soil erosion processes: Part 1[J]. Transactions of the
ASAE,45(2):331-338.

SHEN H, WANG G, ZHANG R. Rainfall intensity and
slope gradient effects on rill initiation and erosion rates
under controlled conditions[J].Soil and Tillage Research,
2016,155:63-71.

ZHANG F, HU Y D, FAN X M, et al. Controls on sea-
sonal erosion behavior and potential increase in sediment
evacuation in the warming Tibetan Plateau[J]. Catena,
2022,209:e105797.

JOHNSON W M. Soil taxonomy: A basic system of soil
classification for making and interpreting soil surveys
[M]. 2nd Edition. Washington U.S. Department of Agri-
culture, Natural Resources Conservation Service. Agri-
culture Handbook No.436,1975.

WANG R Z, HU X. Freeze-thaw processes correspond
to the protection-loss of soil organic carbon through regu-
lating pore structure of aggregates in alpine ecosystems
[J].Soil,2024,10(2) :859-871.

LIU JJ, ZHANG K D, SHI W B, et al. Effects of
freeze-thaw on the detachment capacity of soils with dif-
ferent textures on the Loess Plateau, China[J].Journal of
Hydrology, 2024,644:e132082.

WA FBR AT, WUk e, S5 R VR X A 3T
JR T R R AR b B S LI SR [T ). K e AR 22 4, 2024,
38(4):63-71.

ZHAO Y J, ZHENG F L., WU B L, et al. Effects of
freeze-thaw action on snowmelt, wind and rainfall ero-
sion in Chinese typical mollisol region[J].Journal of Soil
and Water Conservation, 2024 ,38(4) :63-71.

WU Z L., FANG H Y. Snowmelt erosion: A review[J].
Earth-Science Reviews, 2024 ,250:e104704.
XS W AR AR L A TR R G BRI 1 -
K B M A e R R S [T 2+ TR AR, 2021, 43C6)
1139-1146.

ZHAO G T, HAN Z, ZOU W L, et al. Influences of
soil-water and

drying-wetting-freeze-thaw cycles on

[24]

[26]

[30]

[31]

shrinkage characteristics of expansive soil[ J].Chinese Jour-
nal of Geotechnical Engineering,2021,43(6):1139-1146.
WEI P J, DU J J, BAHADUR A, et al. Soil erosion
and risk assessment on the Qinghai-Tibetan Plateau[J].
Communications Earth and Environment, 2025,6:e365.
XA A, Wk 75 9, B 30, 45 . R e D L 2 A o K AF
FERE NS R[] KRR 241, 2024,47(5) : 737-754.
LIU Q H, YAO X P, MA J L, et al. Research progress
and prospects on summer extreme precipitation over the
Qinghai-Xizang Plateau[J]. Transactions of Atmospheric
Sciences, 2024 ,47(5) :737-754.

A BN, T AN, A5 5 R T 60 45 B K A AL B
FEFEIE(T]. i E VL, 2023,43(2) : 43-52.

HAO A H, XUE X, YOU Q G, et al. Review on pre-
cipitation change over the Qinghai-Tibetan Plateau in
recent 60 years[J].Journal of Desert Research, 2023, 43
(2):43-52.

JIAO C L, NIU F J, HE P F, et al. Assessment of
freeze-thaw erosion by retrogressive thaw slump on the
Qinghai-Tibet Plateau combined with geophysical meth-
ods[J].NPJ Natural Hazards, 2025, 2: e46.

INFEVE, AR RRG, A R PR VR A DX R R L
G B RE S0 52 R B 5T [T). 98 ¥ B 5T, 2018, 43 (1)
51-57.

SUNB Y, XIAO J B, LIU C G, et al. Study on factors
affecting soil detachment capacity of thawing period in the
region of seasonal freeze-thaw [J]. Journal of Sediment
Research,2018,43(1):51-57.

WANG M M, ZHANG S, WANG G C, et al
Increased plant productivity exacerbates subsoil carbon
losses under warming wvia nitrogen mining [J]. Nature
Geoscience, 2025,18(6):510-517.

iR IR TE 08 SR IDE bR, A A RS AL TR 19 9 58 TR B
5% 5 W) K IO % SEME T [T ). ob 0%, 2021(4) £ 21-28.
CHEN F H, WANG Y F, ZHEN X L, et al. Research
on the environment impact of the Qinghai-Tibet Plateau
under global change and the countermeasures [J]. China
Tibetology,2021(4):21-28.

PR BRI R 2=, S, &5 . 75 80 s Jot 2 25 2 e e Bk
D5 R ek SR LT ] b RE 22 B Be T, 2021, 36 (11D
1298-1306.

FU B J, OUYANG Z Y, SHI P, et al. Current condi~
tion and protection strategies of Qinghai-Tibet Plateau
ecological security barrier [ J]. Bulletin of Chinese Acad-

emy of Sciences, 2021,36(11):1298-1306.

http. // stbexb.alljournal.com.cn



