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Table 1  Soil temperature and moisture observation stations and weather stations
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Fig. 1

Location of the stations (The red triangles represent soil temperature and moisture

observation stations, and the green circles represent weather stations )
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Table 2 Key parameters of different soil water

characteristic curve models
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cm w,/m b w,/m A n e

5 -0.390 4.0 -0.390 0.40 1.50 0.016

10 -0.390 2.3 -0.390 0.60 1.60 0.050

CSTO5 20 -0.380 6.5 -0.380 0.15 1.40 0.070

40 -0.360 7.6 -0.360 0.13 1.42 0.019
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5 -0.020 4.3 -0.020 0.35 2.04 0.095
10 -0.142 6.4 -0.142 0.20 2.04 0.025
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5 -0.042 6.5 -0.042 0.25 2.20 0.120
10 -0.102 4.5 -0.102 0.29 2.20 0.120
SQO03 20 —-0.079 4.1 -0.079 0.44 2.20 0.120
0
0
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80 —0.066 5.0 —0.066 0.45 2.00 0.120
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Fig. 2 Methods for dividing freezing-thawing stages and selecting time nodes
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Fig. 3 Comparison of measured and simulated soil temperatures
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Table 3  Statistical indexes of soil temperature simulation results
T _— IHJIJ“ AR it Wi s
NSE R RMSE/T NSE R’ RMSE/TC NSE R’ RMSE/T
CB 0.91 0.95 2.34 0.99 0.99 0.90
5cm BC 0.91 0.95 2.32 0.99 0.99 0.98
VG 0.90 0.93 2.45 0.98 0.98 1.43
CB 0.91 0.96 2.15 0.99 0.99 0.98
10 cm BC 0.91 0.96 2.15 0.99 0.99 0.97
VG 0.89 0.94 2.38 0.98 0.99 1.44
CB 0.89 0.98 2.03 0.90 0.97 2.13 0.98 0.99 1.46
20 cm BC 0.89 0.98 1.99 0.90 0.96 2.10 0.98 0.99 1.27
VG 0.85 0.98 2.32 0.87 0.95 2.40 0.97 0.99 1.63
CB 0. 68 0.96 2.97 0.85 0.97 2.22 0.93 0.96 2.48
40 cm BC 0. 69 0.97 2.90 0. 86 0.97 2.16 0.95 0.97 2.13
VG 0. 61 0.97 3.29 0.82 0.95 2.43 0.93 0.98 2.43
CB 0.76 0.94 2.24 0. 81 0. 89 3.91
80 cm BC 0.78 0.94 2.17 0.83 0.90 3.73
VG 0. 69 0.96 2.56 0. 82 0.92 3.82
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Fig. 4 Comparison of measured and simulated soil moistures
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Table 4 Statistical indexes of soil moisture simulation results

- it TRt IESSE)
BRI 1BE7Y 2 PR > 3 3 2 3,3
NSE R RMSE/(m’-m™) NSE R RMSE/(m’-m™) NSE R RMSE/(m’-m™)
CB 0.60  0.91 0.09 0.31  0.47 0. 04 0.49  0.72 0.01
5cm BC 0.89  0.89 0.05 0.33  0.43 0. 04 0.39  0.59 0.01
VG 0.73  0.84 0.07 0.34 0.4l 0. 04 0.24  0.34 0.02
CB 0.70  0.86 0. 04 0.54  0.56 0. 04 0.55  0.62 0.02
10 cm BC 0.75  0.83 0. 04 0.52  0.53 0. 04 0.67  0.77 0.01
VG 0.65  0.77 0.05 0.33  0.56 0.05 0.19  0.19 0.02
CB 0.89  0.92 0. 04 0.62  0.74 0.02 0.53  0.88 0. 01
20 cm BC 0.87  0.96 0. 04 0.65  0.69 0.02 0.78  0.84 0.01
VG 0.68  0.94 0. 06 0.50  0.71 0.02 0.31  0.55 0.01
CB 0.92  0.94 0.02 0.81  0.82 0.02 0.60  0.73 0.01
40 cm BC 0.72  0.95 0. 04 0.79  0.80 0.02 0.71 0.77 0. 01
VG 0.71 0.91 0. 04 0.02  0.72 0. 04 0.70  0.75 0.01
CB 0.61  0.69 0.02 0.69  0.71 0.01
80 cm BC 0.63  0.70 0.02 0.70  0.72 0.01
VG 0.51 0.78 0.03 0. 81 0. 81 0. 01
0.96 Z [H] , Hoip R°>0. 7 /5 k. 69%, V- Y5 R4 0. 72; AR X3 E R, 4 0 AU R A A7 7R

RMSE 7£ 0.01~0. 09 m*-m™ 2 [d] , °F- ¥ RMSE H 255, 1l O 1 ) NSE . R* . RMSE 43 %]l
0.03 m*m”, AR, + IR RIS RGeS 0.72.0.86.0.04 m’-m™; I i 5% ¥ ) NSE. R,
S A SR E () s ] A5 Ak A SR S ARRAE RMSE 435124 0. 48 .0. 62..0. 03 m®+m™; Jii J& y] -
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) NSE.R* .RMSE 435I} 0. 56 0. 67.0. 01 m’*m™",
T G P AR SR 2 S M ) S R AT
SRR SR 22 57 B 1 0 1 1 DX (5 ity ) #8421
BOR B E T TR RN 2GR ) HL X
R AE R S K R ) O UR, R R SRR
Pl R R B R R S R S K
BT 25 A3 A RR AR, 498 B /K a1 A8 A Bl A R /K
A Rk B i gk 2y 5 [FIE , EA UL 582 I, B KAy
R ) B iR o A B B — IR K R 2
XA - 0 5 D sl A — R AB IE, BB AH LT
TR AT T U S5 90 3 DX T 6 3 il X e,
FERLALEE R AR ST &, B S SRR EE V) A

M) RS TR Bk, 3R h T J2 A 4G
R FERE . Ho £ )2 (0~5 cm) 1 5 18 A
NSE>0. 6 i [t 22%, R>0. 7 i [t 44%; th F 2 (10~
80 cm) + HE W & NSE>0. 6 (5 [t 70%, R>0.7 5 It
76% , tH BLX RIS n] BRI PR N R 2 0K BAA 3
1o (R 23 A8 S R BUGRZ BN S AR X T R )2
U R 22 o ARG T S R 1) 5 i Bt 2 TR
JE (R B I 55 , 76322, BEK 46 R il 10 2% &
KRB B B3N = 3, RBETE HIENIE K 53
SR R IALAE R 13 50 om DU K AR
Z KR SZ A 5 A SE AR AE A SRR T IE] , 0~40 cm
150 cm LAF )2 09 C BT BB 43 9 & 18 18 MG A7 o
AR T R 2, 382 H 50K 538 o 5 T SR R
FEGT B g, 1 H T 2 R 3K AE A o R
4.3 T EEKSHHE # R AR B R4

b A K SRR AR il 2R TR W) R 4
W BERTLAY 7 22 0 W 25 RN 3R 5~6 i . L3R
) PAE IR T 0. 05, 2 B 37 A4 45 3 2 18] T
2525 e | B OR =R A R K SRR i £ A AR
e S Y BV L S ey P w15 )
PIEHTAH 71% /NF 0. 05,6 29% KT 0. 05, KL, 7]
DA A 35 FHAS [R] 9 1 387K S FRRAE it S S 1, Xof 1 48
TR LRSS SR A W R e, S T =
+ 398 7K A3 R AIE il 28 45 % NSE . R* . RMSE 4 2 (i Fl
NSE>0. 6 . R*>0. 7 T 7 (1) H A5 A PEAl = Fb 4= 387K 53

K5 HHEEETT 22507 (0=0. 05)

Table 5 Soil temperature variance analysis («=0. 05)

b 5 5cm 10 cm 20 cm 40 cm 80 cm
ity 0.6528  0.5733  0.3928
g1l 0.6468  0.6522  0.6567  0.6267

PlsEW 0.7332 0.7975  0.8029  0.7098  0.6690

6  HHERET 20T (a=0. 05)

Table 6  Soil moisture variance analysis (a=0. 05)

ulh s 5cm 10 cm 20 cm 40 cm 80 cm

il 5.74x107* 0.4160  4.77x107° 3.52x10°°  0.5557

e 1.13x107°  0.2268  6.55x107"° 2.21x107*

PESEM 2.61x107 1. 11x107°  0.0611  1.07x107™* 9. 15x107°

FRAE i e AR ()3 . CB S35 () NSE LR
RMSE 43 %] 4 0. 63.0.76.0.03 m**m~, NSE>0. 6,
R>0. 7 it 5 9 Le A5 530 R 57% . 71% s BC J5 #7314
() NSE .R* \RMSE %3 %] 4 0. 67.0. 75.0. 03 m*-m",
NSE>0. 6 .R*>0. 7 It i 0 FL 451 535114 79% . 71% ; CB
77 B F- 1 1 NSE . R*. RMSE 43 %] 24 0. 48. 0. 66,
0.03 m*-m™, NSE>0. 6. R>>0. 7 fit (5 1 Lt 151 43 51 Ky
43% .64% . NILEZEG kA , BC BB I T CB %
AT VG AR AL,

AR Y ZR A 2 B T K Ay B
SR T E Y R OK B AR R E e
HerpK BB e 11, =R K A RRAE il 2
RUFE S5 R A S0 0 X 80T KRN w i3 22
S, DT XS 4 80 J3 A BEADL 25 1 7 R 52, CB
BC . VG A L, 2% X 517 T CB AR Y i F 1 Al
JE(6/6,) KRR LGk S5 R RN 5E & 1 BC
FVG B AU ) = A R EE (6-6.)/(6-6,) ],
Horbr o, 2R i S AN BE W 7 38 i 77 2B B AR AR Y
THESOKE P2 E Ol B IR R, S+
S 7 BN B — 5 AR, S K R A
AR, PR ARG e AR RN B R R RIS K R
5L OCFR i FH A RO N B T AT S B
o AT BCAR , VG AL X 24 S B
Z  HHAEENZSE m M al)PIEE L ES5M
KA G — A R, BC RS VG AR L,
AN 3 o 5 B, L4 B S B A
4.4 HEUAFERME S

R4 LR PEA, BC A AU BUS T e (I B 48184
G, I, B8 HR BC AR AU AL (1Y) - 458 VR 485 0 il Ak TR
25 ] R R A ah AL R R L AR i 2R I o BT =
A X 38k 1) - 98 R F RN A ) o B %) A S8 LV
MBI 25 . = AN IXCBR b B & &L 5 s,
HREERHIE S B AR T IR . =N X AR H R TE 10
HIEARTaEHLE 11 Ak A Z g, 3 A it
AR, 5 H - 8e5e amiik . 5l R 7E 10 A
L AIHE AR E GRS W ST AE 10 H R AAS
R VRS 301 AR M I SR T e 11 A op LA i AR



62 K JI

7 + 45 3%

HIICEE-H-B)
2017-12-09 2018-03-09

20 107-09-09 2018-06-09

20} — il
— FRh
40 b — PSR

0 50100 150 200 250

K5 LSRRGS B R i A it £k

Fig. 5 Curves of soil freezing and thawing depth processes
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Table 7 Freezing and thawing characteristic information

3k Ak PREEFF IR H 1 FoE RES I n A LI G H SEA AL H 1 HERBUd R em
it 2017-10-12 2017-11-20 2018-03-06 2018-05-05 205 95.9
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Fig. 6 Average relative error diagram: for temperature (a) and for moisture (b) (Hollow circles

represent underestimation, and solid circles represent overestimation )
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Abstract: In recent years, more and more attention has been paid to the problem of the cryosphere changes on
the Tibetan Plateau, and it has gradually become a hot issue for scholars. Known as the “water tower of Asia”,
the Tibetan Plateau is the source of many major rivers in Asia. Under the combined influence of climate change
and human activities, water resources on the Tibetan Plateau have undergone profound changes, especially soil
water, as an important component of water resources, which plays an important role in regulating vegetation and
crop growth, rainfall and runoff. However, global warming leads to the degradation of permafrost and seasonal-
ly frozen soil, which affects the original water cycle process and the spatial and temporal pattern of water re-
sources by changing the properties of soil water storage and water transport. In the Tibetan Plateau, where there
are few data, it is difficult to directly study the soil water cycle process under freezing-thawing by using original
data. Therefore, it is an important means to simulate the variation characteristics of soil water and temperature
under freezing-thawing in seasonally frozen soil regions of the Tibetan Plateau by using coupling model of soil
water and heat. Aiming at the key problem of the difference of soil temperature and moisture characteristics in
typical seasonally frozen soil regions under different meteorological conditions, this paper simulated the charac-
teristics of soil moisture and temperature change in Maqu, Naqu (Nagqu) and Shiquanhe from 2017 to 2018 by
using SHAW (Simultaneous Heat and Water) model and three soil moisture characteristic curve models. The
simulation effect and variation characteristics of soil moisture and temperature under different meteorological
conditions were analyzed, and the influence of soil moisture characteristic curve model on the simulation effect
was studied. The results show that SHAW model can well simulate the temporal variation and vertical distribu-
tion of soil temperature and moisture under different meteorological conditions. The simulation effect of soil tem-
perature is better than that of soil moisture. The average NSE, R* and RMSE of soil temperature are 0. 88, 0. 96
and 2. 20 C, respectively. The mean NSE, R* and RMSE of soil moisture are 0. 60, 0. 72 and 0. 03 m’+m™, respec-
tively. In terms of different meteorological conditions, the simulation effect of soil temperature in relatively dry
region was significantly better than that in humid region, while the simulation effect of soil water in relatively hu-
mid region was significantly better than that in arid region. From different depths in soil, the simulation effect of
soil temperature decreases gradually with the increase of depth, while the simulation effect of soil moisture in the
middle and lower layers is better than that in the surface layer. From the view of different soil moisture character-
istic curve models, different soil water characteristic curve models have no significant effect on soil temperature
simulation effect, but there are significant differences in soil moisture simulation effect. In addition, there are
great differences and uncertainties in simulating soil temperature and moisture in different freezing-thawing stag-
es. With the increasing trend of climate warming, permafrost and seasonally frozen soil on the Tibetan Plateau
may continue to degrade, may change the current water resources pattern, resulting in frequent extreme weather
events. Therefore, from the perspective of numerical simulation, this paper verified the applicability of soil
moisture and heat coupling model in soil temperature and moisture simulation under different meteorological con-
ditions, revealed the influence of precipitation and temperature on soil temperature and moisture simulation at
different depths in seasonally frozen soil regions, and analyzed the differences in simulation effects of different
soil moisture characteristic curve models. The results provide reference for the study of soil water resources vari-
ation under freezing-thawing conditions.
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