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Table 2 Simulation efficiency parameters of soil water content by ELM model with §,,_, as the input variable

b ¥ 1220 cm B 140 cm ¥ 65 cm
A Sy Swr Sues VL Sy Sue S RN S, Sun Si
MAE/% 2.77 3.17 3.01 3.44 2.62 2.35 2.28 2.56 2.54 2.10 2.36 2.98
RMSE/% 4.28 4.57 4.41 5.42 3.72 3.61 3.41 3.96 3.69 3.34 3.88 5.67
R 0.95 0.96 0.96 0.93 0.94 0.94 0.95 0.93 0.94 0.97 0.95 0. 87
NSE 0. 89 0. 89 0.90 0. 85 0. 87 0. 88 0.90 0. 86 0. 87 0.91 0. 88 0.75

- T 20 cm 5T 40 cm YR 65 cm
WA Sy S Suns  EM Sy Sy Sys WM S S Susis
MAE/% 1.53 2. 14 1.97 2.41 2.58 3.64 3.44 3.83 1. 84 2.05 1.75 1.95
RMSE/% 2.23 2.93  2.60 3.25 3.63 5.23  4.75 5.50 2.55 2.95  2.60 2.90
R 0.97 0.97  0.98 0.96 0.96 0.96  0.97 0.95 0.95 0.94  0.96 0.94
NSE 0.94 0.91  0.93 0. 89 0.91 0.87  0.89 0. 86 0.91 0.88  0.91 0. 89
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Table 3 Simulation efficiency parameters of soil water content by ELM model with S|, , as the input variable

- ¥ 1220 cm W 40 cm B 1165 cm
WEM S Swe Sww  WE S Sy Syws W S, Swe Suw
MAE/% 3.46 2. 60 2.90 3.62 2.76 2.49 2.30 2.64 2.36 1. 84 2.14 2.88
RMSE/% 3.96 4.13 4.60 6.17 4.02 3.61 3.30 3.95 3.54 2.89 3.64 5.71
R 0.95 0.96 0.95 0.90 0.92 0.94 0.95 0.93 0.94 0.98 0.95 0.87
NSE 0.91 0.91 0.89 0.81 0. 85 0. 88 0.90 0. 86 0. 88 0. 94 0.90 0.75

- YR 20 cm YR 40 cm YT 65 cm
WEM Sy Swe Syws WML S, S, Syws WM S Swn Suw
MAE/% 1.53 2.07 1. 88 2.35 2.67 3.75 3.58 3.94 1.89 1.95 1. 80 1.90
RMSE/% 2.26 2.90 2.42 3.06 3.79 5.39 4.92 5.48 2.71 2.90 2.76 2.90
R 0.97 0.97 0.98 0.96 0.95 0.95 0.97 0.95 0.95 0.94 0.95 0.95
NSE 0.94 0.91 0.94 0.90 0.91 0. 86 0. 88 0. 86 0.90 0. 88 0.90 0. 89
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Table 4 Simulation efficiency parameters of soil water content by ELM model with S|, , as the input variable
b5 A ¥ 120 cm A W 140 cm A W 165 cm
MA Sy S Swes NEH S Sy Sua MAM Sy Sus Sus
MAE/% 2.54 2.76 2. 80 3.43 2.60 2.55 2.48 2.93 2.29 1.81 2.19 2.93
RMSE/% 3.86 4.27 4.25 5.54 3.90 3.72 3.71 4.49 3.58 3.00 4.04 5.97
R 0.96 0.96 0.96 0.92 0.93 0.94 0.94 0.91 0.94 0.98 0.94 0. 86
NSE 0.91 0.91 0.91 0.84 0. 86 0. 88 0.88 0.82 0. 88 0.93 0. 88 0.73
il B — YT 20 cm ‘ YT 40 cm ‘ YT 65 cm
ME Sy Suw Suna AW Sy Sy Sus WA Sy Sy Surers
MAE/% 1.47 2.09 2.00 2.41 2.56 3.93 3.53 3.94 2.09 2.14 2.03 2.15
RMSE/% 2.31 2.95 2.55 3.27 3.65 5.54 5.01 5.70 3.03 3.18 2.97 3.20
R 0.97 0.97 0.98 0.96 0.96 0.95 0.96 0.94 0.94 0.93 0.94 0.93
NSE 0.94 0.91 0.93 0. 89 0.91 0.85 0. 88 0.85 0.87 0. 86 0.88 0. 86

R B TE] [ R, 1 S g A2 RGO RT3 5k
THEE KB Z IR IR 2E 55 . LS, g AR
UG 7 K LIS KRS 22U & 5 frs 3 -
A5 TR I A Bl A 290 300 ) AL (-5 S B B =2 TR 1 —
SE MR 22, HAAR SR B A R T S E, At
HAUA 18 DUELEF s BOR BR 40 em IR AR, 20 em K

65 cm VR BEEBIHL IR 228/ . WNER 3 PR, YA ALL
[N 1 R AEK 2 7 KA, BRYE 20 cm A1 65 cm Ab45
RS B2 A FRAR LN, 3 F 40 em K3 45 1R JE [ A
FUOKS B2 Y900 B 42 T NSEH #1314 m 0. 02 DL L 3R
20 cm ¥ B RMSE 3 /) # 3% % B 4, 28 fb % R
16. 6%.

50 - 50
—
=40 - £40
L\ml 30 L'ﬁ 30
& 4
= 20 B 20
+H10 H10
8009—02I—OI 2009—0I4-OI 2009—;)6—0] 2009:08-01 2009I—|0—OI 200;)—12—01 8009—02I—OI 2009—(;4—01 2009—;)6—0] 2009:08—01 2009I—IO—0| 2002)—12-01
HEAEE-H-H) HEEE-H-H)
(a) 3¢ 20 cm (b) 3 F20 cm
50 50
— — 5
< 40} gl | £ 40f -~ i
it LN
ﬁ 30 f’m 30
20 20F
= =
+H10 Hiof
8009—02I—O] 2009—0I4-01 2009—2)6—0] 2009108-01 2009;—] 0-01 200:9—]2—01 8009—02I—01 2009—(;4—01 2009—;)6—01 2009108—01 2009I—10—O] 20():)—12—01
HIAEE-H-H) HIEE-H-H)
(¢) ¥ F40 cm (d) P 740 cm
50 - 50 -
— — 5
K40 ---f | S40T - - -
ﬂ 30} ﬁ 30
Qo0 b 4o
® B
Hi1of H 10
8009—02-01 2009-04-01 2009-06-01 2009-08-01 2009-10-01 2009-12-01 8009—02—01 2009-04-01 2009-06-01 2009-08-01 2009-10-01 2009-12-01
HBI(#-H-H) H#I(&-H-H)
(e) ¥ k65 cm (D) Y F65 cm

K5 LS, Wk AL B ELMAS AL 7 K 38 & /K i g 52 o 7

Fig. 5 The dynamic change process of soil water content after 7 days simulated by ELM model with S, , as the input variable

[(a), (c) and (e) represent the changes in soil water content at depths of 20 cm, 40 cm, and 65 cm on the upper slope,

respectively; (b), (d) and (f) represent the changes in soil water content at depths of 20 cm, 40 cm,

and 65 cm on the downhill slope, respectively |
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Fig. 6 Dynamic change process of soil water content after one day simulated by ELM model with two input variables
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[(a), (c) and (e) represent the changes in soil water content at depths of 20 cm, 40 cm, and 65 cm on the upper slope,
respectively; (b), (d) and (f) represent the changes in soil water content at depths of 20 cm, 40 m,
and 65 cm on the downhill slope, respectively ]
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Table 5 Simulation efficiency parameters of ELM model with two input variables for soil water content

ik : % 1220 cm : 3% 1240 cm ‘ ¥ 1265 cm
WEH Sy Sy Sen WM S, S S, WEW_ S, S, S
MAE/% 3.41 3.63 3.20 3. 00 4. 04 3.30 2.91 2.65 4. 81 4.83 4.20 4.00
RMSE/% 5.45 5.94 5.18 5.00 5.54 4.82 4.00 3.57 6. 69 6. 34 5.56 5. 66
R 0.91 0.91 0.94 0.94 0. 85 0. 89 0.93 0.95 0.77 0. 85 0.90 0. 89
NSE 0.83 0. 82 0. 86 0.87 0.72 0.79 0. 86 0. 89 0. 60 0. 69 0.76 0.75
Gt el —— YR 20 cm __ Y 40 cm __ PR 65 cm
NEH Sy Suw Syea W Sy Sy Syas WM Sy Sy Sy
MAE/% 3.22 2.15 1.92 1.98 3.29 4.50 4.16 3.90 2.50 2.52 2.20 2.02
RMSE/% 3.15 3.53 2.71 2.60 4. 68 6.70 5.70 5.50 3.40 4.13 3.53 3.09
R 0.94 0.94 0.97 0.98 0.93 0.92 0.95 0.96 0.92 0. 88 0.93 0.94
NSE 0.88 0.87 0.92 0.93 0. 86 0.79 0. 84 0. 85 0. 84 0.77 0. 84 0.87

0.89 Z [a] , R 1£ 0. 89~0. 95 Z ] , MAE 7E 2. 65%~
4.00% 2 8] ,RMSE 1£ 3. 57%~5. 66% 2 [a] ; 1§ T %%
BRI NSE{H1E 0. 85~0. 93 Z 1] ,R7£ 0. 94~0. 98 Z.
] , MAE 7E 1. 98%~3. 90% = [fi] , RMSE 7E 2. 60%~
5.50% Z ] o 3 £ TR B - 48 oK i A AL 152 2 ]
BNTYE BT 40 cm R RIR ZH B 5w, 5

3R = A S B ELM RS RIAT R 45 51

17 it 7 ELM A RISEAUL S 14 K + 3 35 /K 5
ARk . e ME 7 Al LG, K 2
14 R2ZJ5 , 1 RUAS DL 25 5L R S I 25040 58 v 4,
Rl AR I A K R 45 0] 0IAE B2 42 - I, NSE (B
A TN, AR 22 B B /N, MAE RS R 15%

50 — 50 —
B B
40 — Bl 40r — Bl
I 30 I 3
& &
20 20
= =
Hio 1o
N . . . . ; — . . . . .
2009-02-01 2009-04-01 2009-06-01 2009-08-01 2009-10-01 2009-12-01 2009-02-01 2009-04-01 2009-06-01 2009-08-01 2009-10-01 2009-12-01
HIE-H-H) HIEE-A-H)
(a) 3¢ 20 cm (b) # 20 cm
50 50
g% % — i
1 30 18 50
& E
N Qi
20 20
® =
H1o Hiol
O 1 1 1 1 1 1 0 1 L i 1 1 i 1
2009-02-01 2009-04-01 2009-06-01 2009-08-01 2009-10-01 2009-12-01 2009-02-01 2009-04-01 2009-06-01 2009-08-01 2009-10-01 2009-12-01
HEIEE-H-H) HEI(AE-H-H)
(c) ¥ _£40 cm (d) $ 40 cm
50 50
s F % — g
1 30F 1 30
& &
20} 20
= =
Hiof Hio
i ; . . o . . . . .
2009-02-01 2009-04-01 2009-06-01 2009-08-01 2009-10-01 2009-12-01 2009-02-01 2009-04-01 2009-06-01 2009-08-01 2009-10-01 2009-12-01
HIB(E-H-H) HEIEE-H-H)
(e) ¥ 165 cm (H) #F65 cm

K7 “hi AE R ELM RIS 14 KA L35 K i sl 52 1k
Fig. 7 Dynamic change process of soil water content after 14 days simulated by ELM model with two input variables

[(a), (c) and (e) represent the changes in soil water content at depths of 20 cm, 40 cm, and 65 cm on the upper slope,

respectively; (b), (d) and (f) represent the changes in soil water content at depths of 20 cm, 40 cm,

and 65 cm on the downhill slope, respectively |
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Fig. 8 Response of soil water content to temperature increase [ (a), (c) and (e) represent the response process of

soil water content to temperature at depths of 20 cm, 40 cm, and 65 cm on the upper slope, respectively;

(b), (d) and (f) represent the response process of soil water content to temperature at depths of

20 cm, 40 cm, and 65 cm on the downhill slope, respectively]
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Table. 6 Annual mean change of soil water content under
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P+30%P as an example ]
ek N
20cm 40cm 65cm  20cm 40 cm

S
65 cm

SFHE3.5C 15.5% 15.7% 29.5%
KoK 34 0 30%

7.1% 10.8% 8.3%

4.48% 2.2% 1.53% 1.58% 3.67% 1.41%

TR 4 18 5 oK i AR A E 5 I R 17, 40% .21, 70%
40.30%, 3 & 1Y 28 4k 2 43 5 R 8. 70% . 10. 60%
9.40%. [al—3 7 L, v ah w3 + e & K Ay AR 1k
B /N TRl . ZERES w1, VR )2 1 K o
X AT 4 i 7 iRV 2 5 T AE AR B B B AR
JE A S K = AR R A 65 cm>20 cm>40 cm, Y T

BAREAAL R R 40 cm>65 cm>20 cm .
3.2.2 - HE S K X A T i

i RO i 5 o= < DA b e/ == D I 5
K 0 vy e N A A 2% B A R K R AR R
B, S [) % B 118 = 19 5 K o8 AT 1 249 0 388 T f $4ik
T, U B B 7K 398 R X K e B A B AE
LR 7K 385 15 Sk P+30%P A 51, 3% 1+ 20 cm .40 cm .
65 cm Y+ HE &K AR AR L R R 4.48% .
2.20% .1.53% , ¢ N 4 R B IR G OK AR AR
3N 1.58% .3.67% . 1. 41% (113 6 frn ) o 1E
AN TR P e 7K B8 I 45T 45 TR B IS K AR O A
B 30) % A8 fb R AN B 10 fif s o B 14 TR Y
JK 8 ) 3 32 B4R R 7R 58 A ml Ak i Y 7R R K 3
JIIE B2 4 30% B, 20 cm .40 cm .65 cm 19728 fk R 43
HK 6.90% 4. 30% 2. 10% , 1 J2 4 HE & 7K 42 %) [

100 100
(T+1.5)C % (T+1.5)C
(T+2.5)C (T+2.5)C
x 8or (r35yCc | = 80f (143.5)C
= =]
m 60} 56.6 m 60 F
% %
41 40 324 41 40F
i i
H 20} 16.2 174 H
10.1 9,613. 51 8.7
0 st TN ] sz 020304 24NN
SERGED LR skl HEm SERMALIE RS
(a) ¥ |20 cm (b) P F20 cm
100 100
IR R
2 8or (rs35yCc | = 80f (143.5)C
=] =]
453
2 : 2
<’;u 40} . 138,ZT <’;u |
20} 113 11617’121.7 -
e N | 263248 L N 040506 2 2
0 1 N 1 L
SERGED bR skl HESm SERBALIE RS
() ¥ 40 cm (d) #& 740 cm
100 96:3 - 100 -
N B R
g 8o 69.7§ ) (T+335)C g 80 (T+35)°C
%Ié 60} \< %lé 60}
% LR a03| ¥
4 40 34.5 4 40 F
B N e NI o (215
Ty 7.5 N g 5120032 Z i By 102 BAEN 94
22453 VMY PN i 3R N 030404 AEN]

0 -
SEAVREEH AL SeeRb RESEI
(e) 3 F60 cm

TRV AL SRR G
(f) Y F60 cm

K9 THESEBUT T3S KA EIR A2 1k

Fig. 9 Changes of soil water content in different periods under temperature rising [ (a), (c¢) and (e) represent the response

process of soil water content to temperature at depths of 20 cm, 40 cm, and 65 cm on the upper slope, respectively ;

(b), (d) and (f) represent the response process of soil water content to temperature at depths of

20 cm, 40 cm, and 65 cm on the downhill slope, respectively]
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Fig. 10 Changes of average soil water content in different periods under precipitation increasing [ (a), (c) and (e)

represent the response results of soil water content to precipitation at depths of 20 cm, 40 cm, and 65 cm

on the upper slope, respectively; (b), (d) and (f) represent the response results of soil water content to

precipitation at depths of 20 cm, 40 cm, and 65 cm on the downhill slope , respectively |
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Table 7 Comparison of the simulation accuracy of the two-input variable ELM model with the simulation results of other models

o TANSER PR BRI SRR
20 cm 40 cm 65 cm 20 cm 40 cm 65 cm

ELM 0.91 0.84 0.83 0.96 0.94 0.91 Kokl AL
BP 0.76 0. 65 0. 69 0. 89 0.84 0. 84 Kk AL
SHAW 0.87 0. 85 0.91 — — — Kkl [19]
SHAW 0. 65 0.59 0.77 0.97 0.93 0.91 FE AL [3]
CoupModel 0.84 0.91 0. 81 0.96 0.97 0.93 Kkl [14]
CoupModel 0. 88 0.84 0.67 — — — Kkl [18]
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Response of soil water content at different altitudes to climate change in the
permafrost region of the Qinghai-Tibet Plateau: an ELM model analysis

ZHANG Fangyuan, CHANG Juan, LIU Jian, SUN Wenjun

(College of Earth and Environmental Sciences, Lanzhou University, Lanzhou 730000, China)

Abstract: The active layer in the permafrost region plays a critical role in surface water and groundwater ex-
change. Soil water content within the active layer is essential for the hydrological cycle in the permafrost region
and has a significant impact on the ecological environment in this cold region. Understanding the dynamic char-
acteristics of soil moisture in the active layer is crucial in the context of climate change. This paper employs the
Extreme Learning Machine (ELM) model to analyze the soil moisture within the permafrost regions at various
heights in the hinterland of the Qinghai-Tibet Plateau. Results indicate that the ELM model, with two input vari-
ables, has higher simulation accuracy than the BP neural network model. The Nash-Sutcliffe Efficiency (NSE)
values of soil water content during the first day after the ELM model simulation range between 0. 69 and 0. 87.
The simulated NSE value at the depth of 20 cm below the slope is the maximum (0. 87), and simulation accura-
cy improves with the increase of delay time. The NSE values for the third and seventh days after the simulation
are 0. 76~0. 92 and 0. 75~0. 93, respectively. The simulation effect of water content at different depths under the
slope is better than that on the slope. Subsequently, by establishing different climate change scenarios, the study
explores the dynamic change law and response characteristics of soil moisture in the background of climate
change. Results indicate that the soil water content at different depths increases during the initial freezing stage
and the initial thawing stage due to temperature rise. However, no notable change occurs during the complete
freezing period and the complete thawing period. Temperature increase affects the soil water content in the early
freezing and early melting stages, with deeper layers experiencing more significant changes than shallower ones.
Moreover, under the scenario of precipitation increase, the greater the precipitation increase, the more apparent
the trend of soil water content, but the overall change range is small. The increase in soil water content at each
depth on the slope mainly occurs in the early melting stage and the complete melting stage, whereas that at the
lower slope mainly happens in the early melting stage. Compared with deep soil, shallow soil responds more
strongly to precipitation increase.

Key words: Qinghai-Tibet Plateau; climate change; different altitudes; soil water content; ELM model
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