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Model study on rainfall effect on hydrothermal dynamics
of permafrost considering rainwater sensible heat
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Abstract: The thermal-moisture dynamics of permafrost and cold region engineering caused by the trend of warming and
humidification of the Qinghai-Tibet Plateau (QTP) are the focus of research on permafrost ecological and geological evolution in the
third pole. Currently, the model of permafrost ground surface energy budget under the influence of rainfall does not consider the
influence of rainwater temperature and neglects the effect of rainfall energy pulse. On the basis of the previous frozen soil
hydro-thermal coupling theory, a permafrost hydrothermal coupling model considering the rainfall energy was constructed by
introducing the surface energy equilibrium theory considering the rainwater sensible heat. Based on the on-site monitoring data of the
Beiluhe in the QTP, the validity of the model was verified, and the influence mechanism of the summertime rainfall on the ground
surface energy equilibrium and the thermal-moisture dynamics of the active layer was analyzed. The results show that the average
deviation errors of soil volumetric water content, temperature, and heat flux simulated by the modified model considering rainwater
sensible heat are within £1.198%,+0.704°C, and +£1.66 W/m?, respectively, and the consistency indexes are greater than 0.877, 0.929,
and 0.937, respectively. The optimized model improves the assessment of the surface heat absorption or heat release state and can
better predict the thermal-moisture dynamics of the active layer after rainfall. Summertime rainfall increases the surface evaporation
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latent heat and rainwater sensible heat but reduces the surface net radiation, sensible heat, and soil surface heat flux to cool the

surface. The cooling efficiency is positively correlated with rainfall intensity. In addition, it is affected by the time of occurrence of

the rainfall. The daytime rainfall has a significant cooling effect, and the rainwater sensible heat promotes the cooling of the surface.

The rainwater at night temporarily heats the surface, but the significant effect of evaporation latent heat makes the ground surface

continuously cool. Due to the reduced surface temperature gradients and the infiltration of rainwater, the decrease in the thermal

vapor flux densities, the increase in the liquid water flux densities promote the downward transportation and accumulation of liquid

water during heavy rainfall events and continuous rainfall events. However, compared with the increased convective heat exchange

of liquid water, the reductions of heat conduction, latent heat of water vapor diffusion, and water vapor convective heat are more

significant, which reduces the total soil heat flux, decreases soil temperature, and mitigates the warming rate for the active layer.

Keywords: permafrost; rainwater sensible heat; coupling theory; ground surface energy equilibrium; thermal-moisture dynamics;

summertime rainfall
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Fig.5 Comparison of simulated and measured soil temperatures
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Table 3 Statistics and comparison of simulated and

measured values of soil temperature at different depths
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Table 4 Statistics and comparison of simulated and
measured values of soil heat flux at different depths
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Fig.6 Comparison of simulated and measured

soil heat fluxes
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Table 5 Statistics of rainfall characteristics during rainfall concentration period in 2013
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Fig.7 Variation of surface energy components under the influence of summertime rainfall (2013)

N E B W R AR R R B ARG Y AR R
Xt 9 IRBER SRR REE T T Sl WK 6
Js, AEFR BRI BL, 5200 R8O RE &
T p AR G R S AT R AR R T AR, FL O
AR5 KA IR A o T 7R A 37 v
M TR, feEE BN, ARG
AR BRI AR . BRI R, AR S A mT 220,
R 7RISR FOE HI R 55, KB 9-87.5 Wi,
(EMR AR SE IR IH SO B3 . DL, AERCHE]
R 7Kl PR 3 3 e T MR FE RO LT, it R A
Bl sz, XPFHRIREER U, E AR Y N
RAFAG A AR, PR RIS B
R R B A PR, BRIR AR SR 5

JEIEAH
42 KOyTHLRE

B 9 3 B R K NV R Bl 1 338 e i AR Ao 51 ke
REBANK. KRIEBFEM SRS, WK 8
Fim, WAKFMKREEERAHERENSER, *
B L3R A AEE PRI ARZS TR T 2. g, MIEEAE
1R/N, AT WS AR (B 8(c)). /i 3 M=,
IR BB LR R B2 g, 21, TERT R gy, %
Wi o PESELE ST FA@RIEm , FERETE S cm &
g M—4.57x107° m/s FPEEI-1.65x107 m/s, i g,
M—6.34x107 m/s 4N B|-7.61x10° m/s, g, M
—8.49x 107 m/s B INE|-2.79x10% m/s, H P& T 7K
338 B 1) 5 T B R FE IR B I8N o 2, gy



%53 RUIALEE 25 8 7K A R e R o 22 0 L K AR (L S M R AR I 1539
Fo6 FBEWIBHRLEESBESIT
Table 6 Statistics of surface energy components during rainfall period
" AR EE TR /(W-m?) AE R EFIE /(W - m?)
2—2 R H. LE H_ R % LE "
LR TR LR TR IR TR LR TR " : v o
@® 22.9 -8.6 13.4 -112.4 394.6 0.0 0.0 —87.5 -14.1 213 95.5 —12.5
@) -13.5 -22.8 7.8 -109.5 349.9 71.1 0.0 -14.6 -16.5 -50.9 141.5 -9.1
® 472.2 13.1 101.2 —62.2 161.2 64.4 222 -5.1 97.4 -12.3 99.3 2.42
@ -13.6 —41.0 30.8 -333.1 800.8 86.9 0.0 —44.0 -233 —111.1 303.5 -28.0
® 573.6 -1.0 16.4 -74.1 436.1 88.2 24.7 0.0 193.1 53.6 250.2 12.9
© 159.7 2.0 39.0 —297.8 165.1 9.7 0.5 -19.9 71.1 -38.3 74.6 -5.6
@ -7.0 -50.9 242 -214.2 612.1 0.0 0.0 —48.7 -27.8 -141.8 301.4 —26.3
109.1 12.4 17.8 -38.8 106.2 18.6 10.9 —4.2 17.9 -10.6 65.9 -1.5
® —12.8 -31.8 -13.8 —142.1 549.2 64.7 1.4 —56.6 -17.8 —38.7 161.1 —16.8
W: R UNNIE, H . LEMH, MENIE.
1 20
g 115 €
g &
I ]
12 110 =
M 8
i < =
§ { 5@ 15 =
35 bilis Y I .1...l|. A 0 i AT . .
PzggigeszasoanTns Psggzggsgaenanyns’
[ S S S S S S S S N S S L N S [ S S e S e sl sl S sl L S L L
SIS IS - = - = ===l i e - ==} Coco o oo oo oo oCcoo o
HI/(3-H) H/(A-H)
(a) KHBBERERS KT () WA KIBEAMN
51 720 1 r 1 20
= g
- E i 115 &
il . -~
°?E [ g =
2 ¥ i 10 2
< - 2 “m**
s-10T § l——600m 153 2 ;'. {1 5 i
l - )
R Y I T [N .A 1 rrl h
1 e e O [ SUVIUR IV NI ETOR P | I
2essISese TS SRR EEEEEEEE:
fesssdddddd il 2SI ITIoALLT
eeeesesss=sSocoe® S5585885885865858858588886858
o) L i FB/O-H)
1 A7) ==y e
(b) " (f) ki it
Ir 1% 201 720
A g S g
: = = g
£ “ﬂg « E
2 = : 102
x = VZ\, lf:-
& 1 ] ) L - i
ol = I
-2 bestes ;‘i ;l; il b I IO NV NN 0
2cg383s83 oo 22 3923588588329 0Tny
SESESEEEECEEEEEs e
%%M?E) . HEA-7)
[ 1% K8 FEMEMTHESNEKSEEMBSKEER
_ s Fig.8 Moisture flux and volume content of liquid water in
= é the active layer under rainfall
£ i
°fo 10 E
< s |2 g BEFERTHOTERI TN, g, AR . FINY g,
= — —060em bt R Ve N . .
oo E meima T g A, e, eemn 7
_15 ate g Mol ada PN PEPETE | PR, S P Y s N <
S99 TLLE RIS -amT Y :O 7J(E(JW—F$@J\§0 E‘x@%fll *qu E@/E'T't%lﬁ, %B%ﬂ_j
nggggiﬁﬁfgggggg i, ZERGTHR T RRFERREI, KRR
W/(H-H)

(d) P B P KR i

TEARA Nl e a ) _EiER (K 8(e) 8(H).



1540 Ee R S T & 2023 4
MAEFERAE I, AT VS K s S g o, ) BT .«
THRFGE D, HIR IR SFEMRE 2RI 43 RREABRERE

FH.

Rk, 7K B R e R kg sl 2 iR 2 K
TEMEE KRR LIRS R F S (R
HO~B.©MD~Q). T Z IR R,
TREBETE, WAKERIE 12%~18%3 0 N
B, ELBEE VR 3Gk sk 55 o A e (B
8(g)). &, BENAEMH TAAERIEAKIANE R
5 cm AP E /KR K 3.4%, 15 cm B K 1.3%,
30 cm 4K 0.2%, 60 cm AN FEE . ZI B R
M AR A B R NIBTRFEAE 30 em A2, X 56
Xy, D& B PR ARAEA D% . RIS BT 5
LA RAEBCRIRB B PR T /K N B I8
T, 1B N T L3RR S 1D 5 M e S R TR T

o T ok R A RS B 2 R T A A o e R R A
WE 9()~9d)fin, HEELENFFOZE, H
APESEEM 143.9 W/m? FEF] 91.9 W/m?
(K 9(a)); ARY HUBEHGEEMN 11.4 Wm? 950 3]
4.1 Wm?* (B 9(d)); KRR AEEM 5.6 Wm?
WD E] 2.0 Wim? (B 9(c)), TIRAS /K XA HE &
17.5 W/m? 3 1n%) 38.9 W/m? (& 9(b)). X 5[4/ 5
AR HIERGE R D . SR IR R K8
BEWINA BEEXR. DWHEGAEEN S CF
@O W THFEILG, (H3 35N
EREIEMX, HS#EATEhEIEEE XK. R
BN JE S AL RGE B I N, HAVE SR
IKIRY B il S A KRR A E E k> . 2R A

300 20 &
o £
g 15 € £ g
= \E = g
= & - o
] 10 E ﬁ L"(E
3 &
= z = =
#® —150 [ ---15cm 152 ° 4 "
G I | |-
300 wea Nt nl: Wl P PRI | TR, W 0 J'§4O aeofoaal Lll N " l...ll. A 0
- 3933gg5zesogozas 38838553832z anxnzs
S5555555555555558 5555555555568555
HI\/(H-H) Hi/(A-H)
(a) el (b) WA /KX FIE R
. 20r 20 &30 720
g £
g « 20 F:
: e 2 :
Z g g 0 =
i = g 0 "
2 & 10 £
£ = £ =
?’f _ e ﬂ?(m -20 e
= IS N S
% | £ o
%’720 m L ) | A 0 ‘%_40 o hoaal lll o U TUP T | TR N 0
5883885832900y 5838388588329 0T09
S555555555585588 S555555555558885
HEA/(A-H) HIAA-H)
(c) FKIEXTAIE (d) KR Hm R
RE C
300 000 510 15 30
(fa\ . Vg 3 s
é 150 g —0.1 -~ PSR TR
< B S ) 4
E £ 02 =
% ¥ g i -
= = - :
B 150 ---15cm 5 @ 43‘7‘: 03 —- 07 §
-H — —130 cm (= = ——()7-
5 ~fooem A 04 e\
~300 atea Ny lj Ll | U FUPrE | THY. 0 -
2838358583309 ny 05 SRR 1 T B
T O R S L T S S L S ’
S OO O OO OO OO o OO o oo
HH#I/(H-H) —0.6 - £
(e) B HIEHIE & () L3R Bl IR S A
K9 BENIEATHESIETEREEMNERE

Fig.9 Soil heat flux and temperature in active layer under rainfall
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