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Table 2  Statistical parameters of air temperature, surface temperature and total solar radiation training sample data
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Fig. 6 Daily surface temperatures, simulated and observed, in 2008
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Fig. 7 Daily soil temperatures, simulated and observed, at various depths in 2008
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Table 4 Simulated efficiency parameters of soil temperature at different depths
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MAE/T 1.41 1.43 1.40 1.43 0.93 0. 86 0. 69 0.07
NSE 0.95 0.94 0.94 0.93 0.96 0.95 0. 86 0.98
R 0.98 0.98 0.98 0.98 0. 98 0.99 0.94 0.99
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Fig. 8 Profiles of soil temperature simulated under the three warming scenarios
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Table 5 Characteristics of soil freeze-thaw process at different depths after 50 years under the three warming scenarios
FHRHF/(C-a™) T HEGE /em SEAURES I IR 4 L) [ /d TFhR Rl AL S HiT I 1H]/d THIR YRGS HE IR IR 1] /d
0.02 10 17 11 6
80 11 8 3
160 7 5 2
0. 048 10 32 22 10
80 27 19 8
160 21 15 6
0.07 10 46 32 14
80 46 30 16
160 41 25 16

R IR T L i AR B R0 435 SR A 0 YRR A, G
PR A AS AT ST - R B Y AR A AT i
Gao 7 F5 Y, HARMHIE | MR 35 . 3K
G378 1 A A A S A M S S R A T R R
5 GBEHM T 155 Hh 3% Al 12t V- 0o i At o 2, 2
it H IR B R AR 2% . 22 R GIPL2
B R T B4 T 2 A R X R B AR
b1, (B GIPL2 BRI ZLSR 43 il A 45 )2 H 3 U 45
ARG E) B R RS &5 LIRS
%4, 1M FEFLOW A LUAR $f8 V5 il 52 7% v 9 75 DK R Al
KEKEGE, At E L HESHRER S AEBRRE
o R OGP A SO 45 2R A A AR A
PLEERIEAT T R (l TERIRE AT, BOF
RMSE) . A[ i, FEFLOW # %I 5F 1 RMSE /N T 55
AR =F (SHAW . GBREHM . GIPL2)#& & , #5454
o ZEAORE , DL BP 4 W 45 AU R di A
() FEFLOW 74 A S8/ | BN B &, B3
F 2 AR £ X PR OB

#6 FEFLOW L5 HA BRI 22 LA
Table 6 Simulation error comparisons between FEFLOW

model and other three models

FELHY WFFEIX SEERMSE/C SCHRSR IR
FEFLOW Kk il 1.28 A
SHAW Kl 2.30 [28]
GIPL2 R 1.29 [4]
GBEHM SR i 1.93 [27]

TEAAEFE R, FEFLOW 575X ¥4 J2 4 S8 4 11
MEPURG B 2R T2 L3 JRE T RESk A 2407
T (D BFFE R T FE R X, MR R IR 2
30 cm, A BEAR A ALY 4 DL R A A U
YIoAs T2 A PE T, 1 FEFLOW JG FE 8%
AR, SAovh o5 R )7 R AR
(2) H1 26 1 AT H S TR R R AR R[], k)
PERAFAEE S . AR LIRS ESH T 0k
(29], W& VR EE L SAES BTAb 21, DR U v g BB
P IR 2% . & 8 nT %1, FEFLOW A 7 7R 25 By



408 7K JI

R + 42 3%

B AEADURS FE ZAR T Al b B Bt o Qin S5 FEBLU S
i 1 SR B0 )2 R 5 AR R R HIRBLET, X 1S
K RS E Can Rl Ak RN R 25 B B R A R
B A UL SR S B AT T N e T, 48
HH G o 2 TR B X VR 4 B B ) - e T A R B
B FEARTEGE Y, REs ATl Ak o B B AU
# 530 65 FEFLOW 7E 1153 7R 45 5 Ak B B il 7k
MBS BAETER 22, MR AR e A 6. T
SR SHL . KNG 12 SRR R A R 2 R
X35 12 - 498 R g R v K PR R B S, R
S ] 2 RS FH T R IR 2 AR R XY K A
PERSHA TS, DR S R A BEOR 1
4.2 TIEHGRA XSRS L B0 R

FEEERAEAER R 5T, WA R 240+
KEBLURL, HHOREAWT &, 245+ FRA
Winwe , 58006 o )2 5 BB i Ko, AR STl
FH FEFLOW #5 BUX) = Fp A [] TH b1 5 F Rk il X
0 Bl 2 HOR B 0 s AR T T B RE Y
BOEAR I . R A 9 M, B SR A TR, TG
FZEEZEEHIE, 0.02 T-a', 0.048 C-a',
0.07 C-a' =FIHEN 5T, 5045 (2058 4 ) 1 3
SRS BN T 19. 4, 51. 8, 64.7 cm, 4144
A5 0.39 cmra™t, 1.04 cmea™', 1.29 cm+a’',
ik R SR B U TS [ IR ST R e A
SRR AL, 0. 023 T-a FHENE 5 T 1% 3h
JE B L% 0. 50 ~ 1. 25 cmea™; 0.052 C-a”' FF
IIES T H0.50 ~ 1.37 cm-a™', Pang %5 #4144
R, #E0.018 C-a' FHEAE ST, 7w 5 3)
SRR N 0. 27 ~ 0. 81 cm-a™; 0. 04 C-a' FHE
TEE T H0.81 ~1.89 cmea™, JAEFELL M 4R +
AP X5k B O v, % AT AR AR T O U, AR IR
B ZE A L B R 25 SRS S /)N, AT RE S5 0F9E XA T
T BRI, B TSR 2 AR R A K. Ras-
mussen 3BT THEE RSB 2L S RIS
A& LA 193 32 R AR 4, #£0. 03 C-a”' FHR G
=N, ISR R 0. 67 cmea™, H T R R
T Bl 21 RN 7 980 0 S X AT 0
AL T R R

ik B AL A AR T AR T R I SR T R
Ji AU T A X A 490 B ) AR At B, S5 AR AR
T v X - M IR ) 5 v i R R 1 0 3 3 9 5
XA A R R R 1 R DG B R
8O 28 T RAALG A IR T ek P g 7 A U

JEE 1 0 0 32 T AR . AEARHRE ST b, 38 R X
0.02C-a".0.048 C-a"', 0.07 CT-a”' = Fp R 5
TORRIR EE g8 B AR ik, R B R e
IRV iR =g w7 N TR S5 WA N N [ B3
1 50 IR Y 22 S BE TR FE G s N, 5 IR
SIS HAT

AR T R R T Y R R o AR A B R
Wang %5 F FHHF 0 R % (OTCs) FH i in s 322 A
i, VEAG TR TR RIEHCIR DL RZ . SRk
WY, 3 SO A S R T R RN R] S
¢ TRKERURGE R R0 R AR, S T M SR A IR AL
B T] L 35k ol 52 i e o 08 % 10 435 i T 0 34 ik
Ao XPDEAE R, BEE SR T, e REE
(i) bt 30 A5 A0 R a2 , R SR 4 I R W s/ 5 R
V5 19 (1) b 30 78 b TR M I, FR SR R o) ()
WG K . SIRT = B IR AL [ PR AT L YRS
AFIAIHEIR , 380 TR A K A RO I T T A
PRI, AR TR L AR AL, &
g, FERRFEIERT , 2 R BT Rl Ak i [a]
PEAT, FFURVRES T RIAEIR | H 4 5809 I b Ak B (]
AYHE T REL . TF IR VRGS I [a] ) B 3R SRR DA R - 48 ek
T8 A R G5 AR S 4 0 KB Bl G 3 R i 1S
MZEE/N, 5 AR 258 AT .

5 #ig

I 75 6 1 Ji XKLL i X 2006 — 2008 44
YERLHE ST T BP 45 00 265 b 3 T B TR R X
KRBT TR ER, X002 T-a',
0.048 T-a™, 0.07 C-a' =FhFHEMNE = F AR
BESEAT T AT o AR XU b DX S5 5
T KT S AL, A FEFLOW AR 7 7 B 5 R
JE BTG 3l )2 P 45 TR IR R AT TR
SERM, DI BIRL B BCRURS BE , BIIRICR 4T,
A 7 = R 2 AR R 0 B 2 R R B A AR
A R A TR SR, X RS R AT T i
W METF 258

(1) FI 35 4R45 BTG 988} 48 57 (1) BP f
25 I 24 b 9 e B TR AR R 5 FEFLOW 455 U RE 8 1R
U MRS U 2247 TR = X - SRR B0 1 B 8 A e A
98 FEFLOW A5 R ¢ J2 4= 8 I B A 400G B2 AIX
FIR)Z 58 | URGS o R AU BE A T Rl fb a2
RN AN TR R = 3908 B AR AL A R 3 | I (7R
S A — S, S AR T R T O EE



2 4

SRR : BT BP A2 M 45 H11 FEFLOW A BUASEILL PN 22 47 U 4 306 2l =l B —— LA R IR UK L X D ] 409

A5 4k . 3 3 %F b FEFLOW A U 5 fib 485 5
(SHAW , GIPL2 , GBEHM ) 7£ 7 it = B 2 4 1%+ IX.
BB - SRR B 45 SR, % TR L) BP A 20 [0 245 5 R gy
th A i A ) FEFLOW H5 B gy A\ 24070 | Bl G 45
TR - 3900 5 T U S B B . BRI, X9
Ji A HERCIR B0 A AT BT LA, Re A B 2
ARV 4 X - S ROIR I 11 BRAEURE AR

(2) 7£0.02 C+a", 0.048 C+a', 0.07 C-a' =
FhFHRRE 5T, 50 4F )5 (2058 4F ) KU L i X 375 3
JEJREE I IN T 19,4, 51. 8, 64.7 cm; A&UFEE 4
R B YA AR R B T, R IR Al R BRI
URURZE ] ) J5 HEIR | AN]R8 R il ot R X<
T T R ) T 7 25 S B A P YR R R 1 3 R )
Horbr, Y2 A RS R AS A B me 1 fh W, R
R B2 e O, 7 ol B i ) A8 A I B e R, HLaX R
AV Bl R (3G TR . R, SR
Tkt - R Al B A K TR o R, AR
- SR AR T ST (] 249 Ry R 5 S SR R Y 2 4% .

LT, B IR R A & <
A TS PERE A B K B3I, Rk AT REAR R 2 1 5
WAL, Wl R aE i, AR TR G E
PER, A BT DA BRI RN 2 (A5 o |2 R
BT A OB K G B2 ORI 1) 52 ) i A7 A2 5
Wo AT, BRI SR AS AN 3l 2 AR
(L4 b 20 ) i sZ ma i, (5% 8 T SR A8 4k
20 T B K B RE ], 3K B vk 5 K AR AU 24 SR 7 A Y
Mo A Sk T A e A Ak X 176 2 J2 AR A0 1) 5% i
o7 [ Bt 2% R [ 7O AU PR A DR 3R, A R T A
it . S RN 22 4F 5 - X3 )2 BRI AR
AR B R, DL AT RE XS b - R 48 22 (B ) 3R RE
AL R A R

2 2% 3k (References) :

[1] Qin Dahe. Introduction to cryospheric science [M]. Beijing:
Science Press, 2017. [ R . skEREF e [M]. dbat.
Rhaz ik, 2017, ]

[2]  Wang Tongmei, Wu Guoxiong, Wan Rijin. Influence of the
mechanical and thermal forcing of Tibetan Plateau on the circu-
lation of the Asian summer monsoon area[J]. Plateau Meteorol-
ogy, 2008, 27(1): 1 -9. [E[H3E, REME, 77 HE. Hkm
JiF A T Bl 3/ X S 9 2 X DB G s e (). e JR
4, 2008, 27(1): 1-9. ]

[3] Zou Defu, Zhao Lin, Sheng Yu, et al. A new map of perma-
frost distribution on the Tibetan Plateau[J]. The Cryosphere,
2017, 11(6): 2527 — 2542.

[4] Qin Yanhui, Wu Tonghua, Li Ren, et al. Thermal condition of
the active layer on the Qinghai-Tibet Plateau simulated by using
the model of GIPL2[J]. Journal of Glaciology and Geocryolo-

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

gy, 2018, 40(6): 1153 — 1166. [ Z#Hi K, Rk, 2,
&5 . HET GIPL2 2 iY77 580 5 AT 3 )2 1 ORI oY
[J]. ¥kt 2018, 40(6): 1153 = 1166. ]

Wu Tonghua, Qin Yanhui, Wu Xiaodong, et al. Spatiotempo-
ral changes of freezing/thawing indices and their response to re-
cent climate change on the Qinghai-Tibet Plateau from 1980 to
2013[J]. Theoretical and Applied Climatology, 2018, 132(3/
4): 1187 — 1199.

Yang Meixue, Nelson F E, Shiklomanov N I, et al. Permafrost
degradation and its environmental effects on the Tibetan Pla-
teau: a review of recent research [J]|. Earth Science Reviews,
2010, 103(1): 31 - 44.

Zhou Jian, Wang Genxu, Li Xin, et al. Energy-water balance
of meadow ecosystem in cold frozen soil areas [J]. Journal of
Glaciology and Geocryology, 2008, 30(3) : 398 — 407. [ J
B, AR, 250, 4. IR M X R B A S R G RE
E—R ] v A, 2008, 30(3): 398 - 407. ]
Zhang Tingjun. Progress in global permafrost and climate
change studies [J]. Quaternary Sciences, 2012, 32(1): 27 —
38 [HRIEZE . RIRZAROR L 5RO st (], S
LRF5E, 2012, 32(1): 27 - 38. ]

Zhao Lin, Wu Qingbai, Marchenko S S, et al. Thermal state
of permafrost and active layer in Central Asia during the interna-
tional polar year [J]. Permafrost and Periglacial Processes,
2010, 21(2): 198 = 207.

Zhao Lin, Li Ren, Ding Yongjian, et al. Study on soil thermal
condition of Qinghai-Tibet Plateau from 1977 to 2006[J]. Ad-
vances in Climate Change Research, 2011, 7(5): 307 — 316.
GBS, 25, TUREE, 4F. T9RLS I 1977 - 2006 4F T eIk
BLOFFELT ). AARASALBTTERE R, 2011, 7(5): 307 - 316. ]
Zhao Lin, Cheng Guodong, Li Shuxun, et al. Thawing and
freezing processes of active layer in Wudaoliang region of Tibet-
an Plateau[J]. Chinese Science Bulletin, 2000, 45(23): 2181
= 2187, [BOAK, PRI, 2RI, 55 759600 i T8 SR pf
ZARR LG B2 UREE A AL AR (7], Bl iR, 2000, 45
(11): 1205 = 1211. ]

Li Aili. The research of ground water flow modeling in Ningxia
Zhongwei Plain with FEFLOW model [D]. Lanzhou: Lanzhou
University, 2014. [Z=&H]. % T FEFLOW A1) 7 & b T
R KEEREBIF D], 22 220K, 2014, ]

Bao Min, Wang Qunshu. Water and heat flow simulation after
underground nuclear test[J]. Atomic Energy Science and Tech-
nology, 2013, 47(8): 1445 — 1449. [fff, THF. T
KIS K RIS BT ], JEFRER=HOR , 2013, 47
(8): 1445 - 1449. |

Magnin F, Josnin J Y, Ravanel L, et al. Modelling rock wall
permafrost degradation in the Mont Blanc massif from the LIA
to the end of the 21st century [J]. The Cryosphere, 2017, 11
(4): 1813 - 1834.

Anbergen H, Rithaak W, Frank J, et al. Numerical simulation
of a freeze-thaw testing procedure for borehole heat exchanger
grouts[J]. Canadian Geotechnical Journal, 2015, 52(8): 1087
- 1100.

McKenzie J] M, Voss C I, Siegel D I. Groundwater flow with
energy transport and water-ice phase change: numerical simula-
tions, benchmarks, and application to freezing in peat bogs
[J]. Advances in Water Resources, 2007, 30(4): 966 — 983.
Langford J E. Modelling the thermal transport of a thawing per-
mafrost plateau[D].
2018.

Luo Dongliang, Jin Huijun, Marchenko S S, et al. Difference

London: University of Western Ontario,



410

K N

+ 42 %

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

between near-surface air, land surface and ground surface tem-
peratures and their influences on the frozen ground on the Qing-
hai-Tibet Plateau[J]. Geoderma, 2018, 312: 74 — 85.

Luo Dongliang, Jin Huijun, Bense V F. Ground surface tem-
perature and the detection of permafrost in the rugged topogra-
phy on NE Qinghai-Tibet Plateau[J]. Geoderma, 2019, 333:
57 - 68.

Li Shuangcheng, Zheng Du. Applications of artificial neural
networks to geosciences: review and prospect[J]. Advances in
Earth Science, 2003, 18(1): 68 = 76. [Z=XUa, K& . AT
M2 W AR A TS P T E S (0], R ik g
2003, 18(1): 68 - 76. |

Chang Juan, Wang Genxu, Mao Tianxu. Simulation and pre-
diction of suprapermafrost groundwater level variation in re-
sponse to climate change using a neural network model [J].
Journal of Hydrology, 2015, 529: 1211 — 1220.

Qi Changqing. Research on stochastic temperature field and de-
formation reliability of Qinghai-Tibet Railway roadbed [D].
Nanjing: Nanjing University, 2005. [ {557 . 75 B8 % L
B SR T 7 BE LA BROT 70 B 572 18 AT SR VEAFSE (D], Mot
MUK, 2005. ]

Shang Songhao, Mao Xiaomin. Prediction model of soil freez-
ing temperature and unfrozen water content based on back-prop-
agation neural network[J]. Journal of Glaciology and Geocryol-
ogy, 2001, 23(4): 414 - 418. [ AWy, BHEHL. JET BP
25 10 2% 1) 1 38 R 4 T B B oR VK 5 i BB [T ). oK1
. 2001, 23(4): 414 - 418. ]

Chang Juan, Wang Genxu, Mao Tianxu, et al. ANN model-
based simulation of the runoff variation in response to climate
change on the Qinghai-Tibet Plateau, China[J/OL]. Advances
in Meteorology, 2017 [2019-04-18]. http://dx. doi. org/10.
1155/2017/9451802.

Xu Xiaoming, Wu Qingbai, Zhang Zhongqgiong. Responses of
active layer thickness on the Qinghai-Tibet Plateau to climate
change[J]. Journal of Glaciology and Geocryology, 2017, 39
(1): 1-8. [TRBED], REFM, KB FRlE RS AR
2y 2 R X A AL A R RE [ ] kIR, 2017, 39(1)
1-8.]

Widomski M K, Majerek D, Iwanek M. Numerical modeling
of water and heat transport in porous building material [ C/OL ]/
Proceeding of the 23rd International Meeting of Thermophysics,
2018 [2019-04-18]. http://dx. doi. org/10. 1063/1. 5047642.
Gao Bing, Yang Dawen, Qin Yue, et al. Change in frozen
soils and its effect on regional hydrology, upper Heihe basin,
northeastern Qinghai-Tibetan Plateau [J]. The Cryosphere,
2018, 12(2): 657 - 673.

Liu Guangsheng. Water and heat process of alpine and swamp

[29]

[30]

[31]

[32]

[34]

[35]

[36]

[37]

meadow in permafrost zones and response to the global warm-
ing in the source region of Yangtze River[D]. Lanzhou: Lan-
zhou University, 2009. [ X364 . K VLR 2405 £ IX R E K
e FE R ARG e SR SRS AR AW BE (D ], 2290 - 220
K2E, 2009. ]

Ge Shemin, McKenzie J, Voss C, et al. Exchange of ground-
water and surface-water mediated by permafrost response to sea-
sonal and long term air temperature variation [J]. Geophysical
Research Letters, 2011, 38(14): 3138 — 3142.

Qin Yanhui, Wu Tonghua, Zhao Lin, et al. Numerical model-
ing of the active layer thickness and permafrost thermal state
across Qinghai-Tibetan Plateau[J]. Journal of Geophysical Re-
search: Atmospheres, 2017, 122(21): 11604 — 11620.

Zhang Zhonggiong, Wu Qingbai. Predicting changes of active
layer thickness on the Qinghai-Tibet Plateau as climate warming
[J]. Journal of Glaciology and Geocryology, 2012, 34 (3) :
505 - 511, [BkPIt, REM . UM 5T R R 24
O A0 B 2 R B AR A O [T]. kIR A, 2012, 34(3) :
505 -511. |

Pang Qiangqiang, Zhao Lin, Li Shuxun. Active layer thickness
variations on the Qinghai-Tibet Plateau under the scenarios of
climate change [J]. Environmental Earth Sciences, 2012, 66
(3): 849 - 857.

Rasmussen L H, Zhang Wenxin, Hollesen J, et al. Modelling
present and future permafrost thermal regimes in northeast
Greenland [J]. Cold Regions Science and Technology, 2018,
146: 199 —213.

Zhang Mingli, Wen Zhi, Dong Jianhua, et al. Response mech-
anism of climate warming on the thermal-moisture dynamics of
active layer in permafrost[J]. Rock and Soil Mechanics, 2019,
40(5): 1983 = 1992. [SKHIAL, W%, B4R, 5. HIRFEN
PRI AR T o % 22 4R R L3 3 JZ2 K B Ll (1], &+
J1%, 2019, 40(5) : 1983 — 1992. ]

Wang Junfeng, Wu Qingbai. Impact of experimental warming
on soil temperature and moisture of the shallow active layer of
wet meadows on the Qinghai-Tibet Plateau [J]. Cold Regions
Science and Technology, 2013, 90/91: 1 — 8.

Zhang Mingli, Wen Zhi, Dong Jianhua, et al. Coupled water-
vapor-heat transport in shallow unsaturated zone of active layer
in permafrost regions [T]. Rock and Soil Mechanics, 2018, 39
(2): 561 = 570. [RMIAL, A, FEalfe, 6. ZAEKLIGS)
FRIZ ARG R 1], A%, 2018,
39(2): 561 - 570. ]

Kokfelt U, Rosén P, Schoning K, et al. Ecosystem responses
to increased precipitation and permafrost decay in subarctic
Sweden inferred from peat and lake sediments [J]. Global
Change Biology, 2010, 15(7): 1652 - 1663.



2 4 SRR - BT BP A2 M 45 H11 FEFLOW A5 RS UL TN 22 47 U 4 306 gl =l B —— DA s IR UK L X D ] 411

Simulation and prediction of permafrost active layer temperature based on BP
neural network and FEFLOW model: take the Fenghuoshan area on
the Tibetan Plateau as an example

GUO Linmao, CHANG Juan, XU Hongliang, YE Renzheng
(College of Earth and Environmental Sciences, Lanzhou University, Lanzhou 730000, China)

Abstract: Soil temperature is an essential index for energy and material exchange between the earth-atmosphere
system during land surface processes. Its dynamic changes and its response to climate change are also one of the
key issues in the study of land surface processes. Under the background of global warming, the dynamic chang-
es of soil thermal conditions in the permafrost active layer on the Tibetan Plateau are of great significance for un-
derstanding the variation of active layer thickness and the thermal effects of the underlying surface. In this pa-
per, the BP neural network model is used to simulate the surface temperature of the Fenghuoshan area on the pla-
teau. Using the output surface temperature to drive the FEFLOW model, the soil temperature at different depths
in the active layer was simulated. Comparisons between the simulated and observed data in situ showed that: the
root mean square error ranged from 0. 09 to 1. 78 C, and the Nash-Sutcliffe efficiency coefficient ranged from
0. 86 to 0. 98. Combined with the BP neural network model and the FEFLOW model, the dynamic changes of
the active layer thermal conditions in the study area in the next 50 years are predicted. The results show that un-
der the three warming scenarios of 0. 02 C-a™, 0.048 C-a"', 0.07 C-a", the thickness of the active layer in
the study area will increase by 19.4, 51. 8, 64.7 cm 50 years later, respectively. Soil temperature at different
depths showed a significant increase with the increase of air temperature,, and the influence of air temperature on
soil temperature decreases with depth. At the same time, it is found that under different warming scenarios, the
time for the soil to start thawing is continuously advanced, and the time to start freezing is continuously delayed,
and this law also decreases with the soil depth, but the difference of response of soil freezing and thawing pro-
cess to temperature rise at different depths decreases with increasing of the warming rate.

Key words: Tibetan Plateau; active layer; soil thermal condition; climate change; BP neural network; FE-
FLOW model
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