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Fig. 1 Key events in the development trajectory of remote sensing and big data research on the cryosphere

in China over the past decade
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Fig. 4 Major variables of cryosphere remote sensing in China since 2019 (The farther from the center, the lower the maturity)
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TomoSAR B 5% H1 T Z W S — 0K 3T 56 i 2 B0 = 41 2R
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FEFR A, 2022) X VKL AR, H AT A
EEXIKE Z R IX, GGt NHEN &
4. VKB EINEE S, R IBUKE = R BIAE
PR KR IR IE BB ) (Jing 5%, 2022; Li%F,
2023b; POt 4, 2023; 1B/04L 2, 2022),

] FE KUK R B 3 SRR AR 9 O T D R
K AT B AL SR A W B A RN, 2R
fm RAVKZR BRI BE 77 o B 5, KOBR%% ik Bkt
UKz i A RN G 7, hETE = W
() P & T K 25 0K = BRI TR T A (WRA] 45,
2022), #HT NG TR 2%
KGRI, ARk TRl i) St A Bh F
HEKSMYESEMMEE T . 54, miE
SALES AR A R A EE B, — O 0 T R
o KA VKR BRI ) B ) A R, TR K
VKR B = 4 45 K6 1 R R FORS Al Ak it 9% oA
PR,

3 KR B R SR LR

UTAFA, [ AR UKV el 28 S AT 5 s A T
WV, JUHAERE ORI B AN A
T, B — RAVE R, Oy PR A R K R
At 1 E vTek . Bl LR EE
PRI R, ARRAEMMBE S B REALACF . I 5
AR i e AR LR 7 i S5 D A B S R 4 %
M, e SR AU | RO AR TP RE ) S K R
BRSPS Re S (B5) . T MR AR
R EESCHE R, LURL 51 5, BERILR, B
[l % Ty, AR HExT sk Lea) e iR A BT o
3.1 KK EIERENEN

VIR Pl s L A I e 2 B AR UK R IK L UK
NENT AR T IL - R b B BRI o ok
T RS IE 1 TR K I T BIESE UR S A BRI A — ol
Mo ER Y BRI R ST, R A KT PR R AL 1 S B
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S9N, DA R VKON R GF B B2 1 R A v 2 vk
TSR VKR R SR (FEFER 55, 2009) . HL
VKT IR Y AT VK 7 I Y 2 BT R, Tl
PLARIBC AT T 7 kA B ~7 44 30 T8 R B A 5
HIFFEmZHBE (14—600 MHz) . £44k (HH/VV/
HV/VH), Ziliil (2—244Milil) JrmkfE  (Amold
g, 2020), HAZGER®E. HER. FERK
G, ATRABLS UK R MO, JF SR KR A
AR (Al-Tbadi %5, 2017), HZ&40 W15 o
2km., KPR GIEHLEFEHE) /N T 25 m
(Rodriguez—Morales 55, 2014), I H PRk
KGEE A ARG, B KRR B2 8 4 5000 m.

2024 4F 9—11 H, HEB2EBE 2 KAG B ADH 5
e R T2 vk ik 5 =4O TR I8, SERL T X
VA 12 50K . -E—vKIl L 24 35 vk 1] 4 vk
g R AT [, o R A R AR R TR A
PR3 J U S T 25 B ) VK A AR TR RS T
JE& T UK R BE ROt e R A,k S X T
KN BB RE ) A R . SR, A
PLERVK IR Z R T RER T P . BE5) iE 5k
FEHE, FECT R 0 v AL A, B IX AR SR
AR R AL X . I, iR A& e i 2s 43
B0 VK TR I8 B AR R 4 5 A3 A ALK 2 1A K

Wik,

R RE 71

THDIGE T

INRE 7

AR I

T aE /)

KB A kR
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Fig. 5 Several frontiers and their relationships in China’s cryosphere remote sensing research under the

observation—data—information—knowledge—decision framework
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VAR, [ N AR L vk I R T 2 kPl ak
SARJZHTHUGI L85 . Flan, BRIMIR R (ESA)
1t 2014 4£—2016 4 ] [8] JF Ji& (1) AlpTomoSAR 52 55
WFFEARIL T P B Al L% B SAR (1 0K)1 N2 T £
& (Tebaldini %, 2016). 20234F, r[EFF=pEfE
A L\ — VK1 T [ B IR P/L-TomoSAR 7K
37 AR 25 18 IR0, PR B T N — oK1 58 3
BIPK N HOE =4GR, SCBLT Lok )1 = 4
LI o Her L BOFN P it Be SAR AT DA 43 391 S 30 ik
50 m A1 100 m PREE A = 2E VKRB PEIREL, k)1 NS
B SE SRS B T 2—3 m, A LLSE KR J7 1]
Ko PEfES) (Wang 55, 2025). SR, HHXTF
MPRVK TR K, SARF 5 & VKA B RE i L FE N

JEEE, L K R v FI KA [R] A BT )2 4E
MR LU, FFRS MR A ROR, 2RO B A
SIRE, REMIRWEZEELI—F—IK—aZ)2
IeJBE L AT BN R B AR A R e g i AR T
2 LRI 45, 2024), AT k)11 )22 4T
AR B

T Ip i SR 37 LRI B AT A TR R B B
AT, #%sh ok @ B L @& EEME P L. C.
X, Ku. KaPB, FZHT 0K plR 2 &
(Chen%, 2019; Du?%, 2014; Hajnsek %5, 2009;
Tabatabaeenejad 55, 2015; V aaja 11 Hallikainen,
2013) o AN} Bt ok AR A TR B A S, Py
A B (W Ku, KallBr) MISFBRIERA N 1—
2em, fRAIBEE (WL, C. XPEE) BZEBRE
2975 2.5—15 cm, P B EEE I 2 60 cm IR
G ERIRE (T HEEKE) . HETNe Gk
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B2 R HHAR I AE

VN VK M Z AR LR N ERESH (AN ok )2y
A BlUKIEIE . UKEE . Rl DCRIH R UK) B
Feah Jyody o, WL G 2 Py A 4% Ay ) 38 AL A 2
WFFE LB AL A AR e SRR . 1 o
VRV T GBI RE 1, 1 ST E T — K R
KR E A E IR S, B AR A
FHREZEZAER L (D), AR P-SAR, &
WUSAR, BEREIIR . VKTRIA . MU ML . ATAS TR
AR R AL IS, RGVPAL AR 2 2R vk TR
LN TR S R PRI DT T B RE T, RRZEGTTIR, R
WK NI NFREER (PR K I DURRPIAE) o UkJITJE
B REE (2, BE. BREZES) . HEE
JE L WRBURLRGOK . WG CHE RN E
R fiE

x1 KFEEERFERGZSREMAEANNEZEER

Table 1 Priority observation targets and elements

for cryosphere tomographic remote sensing

integrated experiments
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T 3 SRR (0 = A PR L DK R AR SR ML v R
Rl bR U3 5 T 7 ThT R SR 5 ORI RE ) (i 5
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ST, FeRIFE K E s EE (Li %, 2022a;
Rajat 5%, 2022). vk P (Hu4s, 2021; Shi
4%, 2024b) . WFUKIEEAEEEAS ML (Andersson 45,
2021; Song%, 2024, Wangﬂ]Li, 2021) . Z4F
%A B (Hu%E, 2024; Liu%:, 2023b;
Philipp 5%, 2022) 455 1 Won th wmEZWE I, 4T
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AR RENE . TR UkE, N TR REtRE
W B 12 9 55 R AR A5 A R M E
f5H (LiflGuo, 2025; Ran%§, 2021).

SRM, VK Uk bl 3% %) 4 e Ak K AT A T 0
BB, fAEE KB ERA M, AR, —RIH
AR J3E 2 > AR N TR B, PRl 2 D 2%
HE BT BT 2% | Transformer 2244 45, X S8 H R
R UK VR VB L R TR RS L AT R A
IR HE AR HFTITTBE . LAF LA 3 MR MR & R
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SRR U . N TR ik R A I B
T VK Vi B 22 2R 3 A 6 g 325 Hb DX a8 B it PR 355+
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G 16 IR A ZEE D, A7 945 vk R B R % Gk
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Abstract: This paper summarizes the major developments in cryosphere remote sensing research in China in recent years. With
advancements in domestic remote sensing technology and the deepening of international cooperation, the breadth and depth of China’s
cryosphere remote sensing research have continuously expanded. In terms of study areas, the focus has gradually extended from China
(particularly the Qinghai-Tibet Plateau) to the Arctic, Antarctic regions and the global cryospheric regions. Regarding remote sensing data
applications, reliance on foreign satellite data has transitioned into the joint use of both domestic (e.g., Gaofen, Fengyun satellites) and
foreign remote sensing data. In algorithm development, traditional approaches—previously reliant on single data sources with limited
automation—have evolved into advanced methodologies featuring multi-source data fusion and intelligent processing. The continuous
emergence of various cryosphere remote sensing products has significantly contributed to monitoring and understanding global cryospheric
changes. This paper also explores key frontier issues and potential breakthroughs in cryosphere remote sensing, including penetration
capabilities, the development of intelligent algorithms, the detection of critical transitions, and advancements in cryosphere data products.
Specifically, we discuss the progress and challenges of sensors such as ice-penetrating radar, glacier tomography radar, and active-passive
microwave instruments for freeze - thaw cycle detection. It also outlines key directions for advancing intelligent algorithms, including label-
free intelligent recognition of cryospheric targets, dual-driven simulations of cryospheric changes that integrate physical mechanisms and
data, and autonomous Al-based analysis of cryospheric processes. Furthermore, the paper highlights the critical role of remote sensing in
capturing cryospheric critical transitions from both spatial and temporal perspectives and proposes pathways for improving cryosphere data
products and services. To further advance cryosphere remote sensing science, this paper proposes three key action initiatives for the near
future. First, conducting a comprehensive tomographic remote sensing experiment focused on key cryospheric elements, including glaciers,
snow cover, and shallow permafrost. This initiative aims to comprehensively assess the capability of shallow geophysical and remote
sensing methods in detecting the complex internal structure of the cryosphere, develop integrated approaches, and achieve breakthroughs in
directly detecting key cryospheric elements. Second, integrating cryospheric remote sensing data products. By systematically assessing the
accuracy of existing data products—starting with those already relatively abundant—this initiative seeks to enhance multi-source data
integration and establish internationally recognized, China-branded products. Last, advancing Al applications in the cryosphere. This
initiative promotes innovation in artificial intelligence applications for cryospheric studies, including the development of coupled physical-
Al models, cryospheric remote sensing data assimilation, and other research efforts to enhance the reliability and efficiency of remote
sensing identification and change prediction. Collectively, these efforts will support the development of a digital twin of the cryosphere and
contribute to climate adaptation and mitigation, disaster prevention, ecological conservation, water resource management, and sustainable
development.

Key words: snow cover, permafrost, glacier and ice sheet, river, lake, and sea ice, atmospheric cryosphere, penetrative remote sensing,
artificial intelligence, critical transition, data products

Supported by National Key Research and Development Program of China (No. 2024YFF0729100)



