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Fig. 1 Location of the study area
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Table 1 Characteristics of rainfall duration and rainfall amount of rainfall events

Wk Rl 13 B (D) Ko Rl D3 B 2B/ Y/ R (P) R i - 24 {/mm Y/
JE T (0 h<H<6 h) 2.50 137 /N (0. 1 mm<P<9. 9 mm) 2.75 200
i JjHt (6 h<H<24 h) 12. 10 90 FFHi 4 (10 mm<P<24. 9 mm) 14. 50 31
K it (F>24 h) 38.40 10 KFHE(P>25 mm) 31.92 6
x2 MRRAEFREM RO LR EFFERE (2020524 A E 2021512 A)
Table 2 Starting and ending time, duration of different freeze-thaw stages
in the study area (April 2020 to December 2021)
R B 53 Al A 11 i ] Freint il /d Rr 353
WA 5 em A HHERERY A FRARIEE <0 °C 2020411 A 8 HZE20214E1 H27H 81 3
20214F 11 H 8 HZE20214:12 H 31 H 54 3
FEAR RG] 412 HAF R <0 °C 20214E1 H 28 HE 202142 H 18 H 22 1
AL AR 5 em Ak IR H EoRiEE>0 °C 20214E2 H 19 HE 202144 A8 H 49 11
24T Al 212 HAPE 3R EE>0 °C 2020474 H 20 H%20204-11 H 7H 202 108
20214E4 A9 HFE 2021411 H 7H 213 111
2.3.2 TEREBRETHRRASH M,=M, - M, (2)
7 L& o T = 0 A S KA ) 5 e A TR i S r,=T,-T, (3)
P, T AA R T B (R FTRN S 6 ho P Y - 1 R AR w=M]JT,, (4)
AEHECR CHY . 3R B AR A SR ), SR D, - A/;sm - M, (5)
1

S5 P T S T e/ ARV IR B
TR A8 A AT
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R T
St . R TP M B A (5 R G4
SR R %) Vo 2 T P -1 25
i 2oC0) s Vo S AR FL IR B - B
A (LR R °Ch), V. O RERHEAT IS
3t 8 ok RO (M), i
(T,), W% (R,,) I SE B (D) | J Wl
S M S

x 100% (1)

m

A M, IR TR J5 6 h PN 1498 3 K B0 {E
(72 %) 5 M, A FRRT IR IR K B (B %) 5
MATRK A THIRRRE 5 1) 48 5K (AT %) s
T, AT 5 A3 5 /K B WA ) IR IS 1] 5 7, oy R T T
GRESFIE] 5 7,2A - 398 7K S AU Jim X 0L R B[]
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3.1 BERABXS kA RN

Sk T BRGNS 1 X = K AR TR R s, AR
SCHECE A AE 52 4T RS Y JL TS5 W & (7. 6 mms<
P<8. 1 mm) [ FLIGER , DIBEANR] . 6 Iy B & R v
20214F 6 A 23 HFEM{# 5 cm. 10 cm A1 15 em 4t +
SRR T LU AR SR AR H 23R T 81. 49%.
73.20% F111. 13%, {# 25 cm F135 cm &b + 3 T
RN T 85. 07% F133. 40%, 10 cm 115 cm &b 14
2T 3 4T T 2 h A3 h FFGA R IR ; 2021 4F
7H 5 HEEMAE S em &b A 358 BB s R X HeAH 2B A [
MHEmMPE T 14, 11%, 10 cm. 15 cm #1125 cm &b 1 5

FHEHE R IELE T 13.04% ., 13.04% F118. 18%, 1
3 B B8 W % 2 - 48 a7 B R R A I T e g e,
R IR RN, 25 W g . 20214F 6 H 30 H
FEMI{# S em. 10 cm. 15 cm F125 cm &b 1 3525 IR 3R
XS LEAHSPARE R H 43 B ZE T 10. 43%. 12. 03%.
15.99% F123. 07%; 2020 4F 7 A 31 HFEF{# 5 cm .
10 cm F1 15 om &b - 38 [ 75 3 5 5 0 8 28 T
22.44% . 29. 03% F125. 00%. 7 B R 5 cm.
10 cm ., 15 cm A125 cm &b (1 1 38 B 3 R 56 L AH AT
KRR H AT 52 T 30. 77%. 21. 88%. 19. 64% Fil
28.57%, TIETHE SR ZE T 57. 63%. 42.86%.
23. 64% F155. 56%. 541 Al 14 45 7 Bsf 8 W ik o
PRE 22 H ISR AU R, P IR, K
I % T 2 fige - BT AR Ak

AN [R) B8 T 1 B XoF 4 98 5 7K 1) 5 T A 5% 3
TN o S5 DIy B T A MY (E B , BE TR Y 3
T /N, 5~35 em 19 M, ¥I{E K 6. 90%, H i is [%
F 9 MR, 5~35 e B9 MLIME M 1. 34%,
I3 B Dy Bk B R i B8 TN 2 I TN T
R RIEAEL, W RERRE S IR SN, X
2 S KE W/, 10~25 ecm AbB R, 1D,
Wil 5 526 T 1 S 00 448 R TT U /N, e DT S A T ) R, 2
(Edm, BB ST D,,, KRR A b s
W R, FN D, FE B H23T o vl UL g s I8 e AR ik
KA PG TR IR, g B R R
WY R, 1D, /N

&3 AEHFEFER RS KERN I

Table 3 Effects of rainfall of different duration on soil moisture content

VERDTS () Wlem  HHEAUKRIIE(M)/%  WRIRREI(T, )M B (R, (% h ) WEHER(D, /(% h)

%6 I (0 h<H<6 h) 5 15.50
10 7.70

15 6. 40

25 4.05

35 0. 85

i} (6 h<H<24 h) 5 3.20
10 1.55

15 1. 60

25 0.15

35 0.20

K it (H>24 h) 5 8.50
10 1.90

15 0. 40

25 0. 40

35 1.20

7.50 3.34 0.51
8.50 1. 80 0.22
8.50 1.58 0.32
8.50 1.00 0.17
8.50 0.17 0.40
12.00 0.26 0.23
14. 50 0.13 0.13
14.50 0.81 0.19
13.50 0.13 0.15
13. 00 0.01 0.08
20. 00 0.43 0.18
23.00 0.08 0.05
20. 00 0.02 0. 06
20. 00 0.02 0.02
9.00 0.02 0.02
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Fig. 2 Impacts of prolonged rainfall (55 h, 31. 3 mm) on soil temperature (a) and soil moisture content (b)
of soil layers from 20:00 on May 23 to 02:00 on May 26, 2020

3.2 BEWMBREX T EAKREFN
T 53 AT R T A X - HE K AR AR Y S e FLAE
A UL HETE S A TH BB 18 BT, FFT )
B 45 30T (10 h<H<13 h) 1 F R & 25 8K, R IR R
B R FE (RS2 I AN 3R 4 T/ o /N T R TR
7 SRR T BN THR B B kA, TR R
FEEAE IR B, 9T 43,5 80%. /)
T R RN R B R R E Ak, 5 em. 10 cm,

15 cm. 25 cm Fl135 cm Ab 338 i AR AL 3 R X LR
W TR H SF 2080 28 T 20. 83%. 25.40%. 24.21%.
18. 69% F1 7. 68%, Ja 2% % AL LA | Bl 1 e R B 1
MRS o BT geh e e R Y B RE
R /N(10.9~13. 6 mm) , HRR R TSR b 27
5~25 cm &b 4 HE IR AR AR L, NP 35 em Ak A 35
AL H# ) 5 cm., 10 cm. 15 cm 125 cm &b+
e B A A RO YIS T 9.79%. 8.22%.

x4 TEMERDERERX LR ETLHE

Table 4 Effects of rainfall with different total rainfall amounts on soil temperature changes

W A (P) Yk WE A 3R J‘“ﬁr_ﬂ: ﬁﬁ*iﬁiﬁfﬁ*ﬁj{: RAETE% REIT%
1% fem ML FE/(C-h™) HARfE/(C-h™)
UNTEES 12 5 —0. 53~+0. 60 -0. 07 —72.12~+5. 13 -20. 83%
(1. 70 mm<P<9. 80 mm) 10 —0. 25~+0. 65 +0. 00 —49. 28~+7. 39 -25. 40%
15 —0. 17~+0. 33 +0. 00 ~75. 00~+20. 00 —24.21%
25 —0. 10~+0. 14 -0. 01 —93. 23~+25. 00 -18.69%
30 —0. 04~+0. 08 +0. 01 —28. 57~+3. 45 -7.68%
TR 5 5 —0. 32~+0. 48 -0.13 —45. 6~+27. 18 -9.79%
(10. 90 mm<P<13. 60 mm) 10 0. 28-0. 14 -0.22 -49. 03~+20. 30 8. 22%
15 —0.19~-0. 11 -0.15 —33.35~+36. 36 —7.03%
25 —0. 10~+0. 10 -0. 06 —23. 89~+15. 34 -5.03%
30 —0. 08~+0. 07 -0. 00 0. 00~+33. 33 +5. 60%

“HFORFHEEGH RN, =" RN R EGHE R/ ("+" indicates warming or an increased rate, while "-" indicates cooling or a decreased rate)
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Fig. 3 Impacts of heavy rainfall (13 h, 43.3 mm) on soil temperature (a) and soil moisture content (b)
of soil layers from 20:00 on July 7 to 08:00 on July 8, 2020
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Table S Impact of short-duration and light rainfall events on soil temperature and soil moisture content
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The Influence of Rainfall Characteristics on Seasonal
Frozen Soil Hydrothermal Changes

SHU Min"?, YU Zhongbo'-*, JIANG Peng' >, BAIMA Wangduo’,

DUNZHU Jiacuo*, WU Renda’, JU Qin"?
(1. The National Key Laboratory of Water Disaster Prevention, Hohai University, Nanjing 210098, Jiangsu, China;
2. College of Hydrology and Water Resources, Hohai University, Nanjing 210098, Jiangsu, China;
3. Linzhi Water Resources Bureau, Tibet Autonomous Region Hydrology and Water Resources Survey, Linzhi 860000, Xizang, China;
4. Naqu Water Resources Bureau, Tibet Autonomous Region Hydrology and Water Resources Survey, Naqu 852000, Xizang, China;
5. PowerChina Chengdu Engineering Corporation Limited, Chengdu 610072, Sichuan, China)

Abstract: Under the ongoing warming and humidification trend on the Qinghai-Xizang Plateau, the influence of
rainfall on the hydrothermal conditions of frozen soil has become increasingly significant. To investigate the ef-
fects of rainfall characteristics on the hydrothermal state of seasonally frozen soil, this study analyzed the respons-
es of frozen soil hydrothermal conditions under varying rainfall regimes based on continuous in-situ monitoring of
meteorological variables and soil hydrothermal dynamics in Riwoqé County. The results indicate that the study ar-
ea is dominated by short-duration (0 h<H<6 h) and small-amount (0. ] mm<P<9. 9 mm) events, accounting for
57. 81% and 84. 39% of the total, respectively. Under similar rainfall amounts (7. 6 mm<P<8. 1 mm), short-du-
ration events during the thawing period accelerates cooling of the 0~15 c¢m soil layer (by 11. 13%~81. 49%) and
reduces heating of the 25~35 cm layer (by 18. 18%~85. 07%) , while longer events primarily mitigate tempera-
ture changes. Short-duration rainfall also produces the largest increase in soil moisture (average 6. 90% at 5~
35 cm), though the rates of increase and decrease generally decline with rainfall duration. Under comparable du-
rations (10 h<H<13 h), heavy rainfall induces rapid cooling in the 0~25 c¢m soil layer and slight warming at 35~
45 ¢cm (1.0 °C and 0.8 °C, respectively) , whereas lighter rainfall mainly weakens temperature variation.

Small, short-duration events (H<5 h, P<5 mm) slowed temperature change with minimal effects below 15 cm,

and soil moisture exhibits greatest increases during the complete thawing period (0. 59% at 2. 5~15 cm) while
smallest during complete freezing period. Overall, rainfall typically had a cooling effect, as theoretical rainwater
temperatures were consistently lower than surface soil temperatures (hourly temperature difference was -1. 57~
30. 99 °C, daily average temperature difference was 0. 45~15. 86 °C), particularly from June to August.

Key words: Qinghai-Xizang Plateau; rainfall characteristics; hydrothermal changes; freeze thaw process; sea-

sonal frozen soil



