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Fig. 1  Distribution of the number of training images for snow area reconstruction algorithm at different spatial positions and different years
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Table 1 Statistical table of verification image pair information from Landsat 8 OLI and Sentinel-2 MSI data

Kt P ZEER| [hAEREDSN REB /%

2015-12-20 131034 26.37
2014-12-08 132034 17.67
2018-12-10 133033 47.06
2018-11-08 133034 66.82
2016-01-26 134033 47.11
2019-02-03 134034 51.47

Landsat 8 OLI
2019-02-10 135033 72.49
2017-11-03 135034 31.38
2018-12-15 136032 27.95
2016-01-24 136033 67.50
2018-02-05 137032 36.16
2017-01-17 137033 39.18
2022-02-02 T46SGH/T46SGJ/T47TSKC/T47SKD/T47SLC/T47SLD 30.96/44.37/24.52/46.6/ 18.46/ 25.63
2022-02-05 T46SGJ/T47SKD/T47SLD 26.62/31.72/38.98
2022-02-07 T46SGJ/T47SKD/T47SLD/ T47SMC/ T4A7SMD 54.72/61.48/67.30/71.45/79.86

Sentinel-2 MSI 2022-02-15 T46SFK]J/T46SGH/T46SG)/ T4ATSKC/T47SKD/T47SLD 22.55/58.39/49.35/62.15/ 53.19/60.74
2022-02-20 T46SFJ/T46TFK/T47SKD/ T47SLD 50.35/28.22/68.13/71.7
2022-03-02 T46SEJ/TA6SGH/T46SGJ/ T47SKD 29.35/44.56/54.67/51.57
2022-03-04 T46SGH/T46SGJ/T47SKD/ TA7SKC/T47SLC/T47SLD 61.98/44.35/55.14/45.43/35.19/ 30.59
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Fig. 2 Technology flowchart of reconstructing snow area based on U-Net++ deep learning network
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Fig. 3 U-Net++ network used in this study
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HOHLL, AN 3 4~ BRI 120 3 in Do 28 AT P2 4 1iE
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AR Ab 3, HAR SRR
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Kb, NAHABUZITCNE, H, WHITHEL, h, w
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FLE, ¢ MGG . SR Tow M B 2 ] — 5
SAGRPRE R B, R REE N 0, A2 5550
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OLI M2 TR . AL AR S Adam EALER , B4R
2 5] U N 0.001, 4 104> epoch 2 2] R [k
R R 22—, INRIEAR AR B 60,
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4.1.1 REMKIGIUE

fii FH Landsat 8 OLI#b3& S5 AR A i L
T AL AT Sentinel—2 MST 3.3 S 5 SRR A O AL
T AU U—Net++ 0 25 FE (4 RS I BLEA 3RS BE B01E
RS nR 2 s, Al L. ffi ] Landsat 8 OLI
PEHGE OA 5 90.85%, Sentinel-2 MSI A4 5 3F OA
789.66%, EAKGEER R, WKEBURENF; PASY
51190.19% 1 89.44% , H A5 R I o3 1% 25 1
10% 247, Wi UA 535 H 88.64% Fi
87.96%, L AR 0 EE IR 257 12% Lo AT
BORB; Kappa REE 0.8 /24, B4R | & A

FTHRGHIEHFHBILTFE 28, BAKR
(—3chE; EABias 77 1.017, HIFTHLFTHR,
AP T AR SR R A . B2, Sentinel-2
MSIEE 36 UEL SR AR T Landsat 8 OLIECHE S0 iE 2%
R, HERMEAKR (<2%).

®2 WIEIRGREAREEZNRIEER
Table 2 Verification results of snow area reconstruction

in the verification image

ey OA/%  PA/%  UA/%  Kappa  Bias

Landsat 8 OLI 90.85 90.19 88.64 0.814 1.017
Sentinel-2 MSI  89.66 89.44 87.96 0.791 1.016

STl 9036  89.87 8835 0.804 1.017

412 AEREEBZERWIE

RS HEPEAl U=Net++ 7R A [R] BT 7 o8 2 AR
TR B, AR BT B A <30% . 30%—
509% F1>50% 4 4 RS R 3 AR o . Hh A
FA R 32K, DU IR AN Rl R A R S T
P ERRE S . R 3PR, 3MORIEITR S B 6
AR B ACR R, SR OA O 90.58%
91.819% H189.26% . At iy A it L Y BT T XL PA
MUAES R, RN N7E RS B s s B AR TP AR
SERE Az, BB A RE ) B . TEAR
BEMEAT, RIS BT L FEOAK M.
HPAFIUA B25, 3k 5 IR o B8 3t KRR T 204l A
WA HARREA K, MEmE, RS mHREE
REGFE o P M DR RS, SR AR T o B
DX, AT RE S N ZRFEA BB HCA 5C . YIZREA &
HPRAE SR T L2y 2032, R R MIIZAR
Bt B 2 AT AR P BOHRAE S R T R B

*3 AEREBEZETHEARERMNRIELR
Table 3 Verification results of snow area reconstruction

under different snow coverage

e MERZE  OA/% PA/% UA/% Kappa Bias

A% 89.95 81.10 78.03 0.729 1.039

Landsat 8 OLI hEETE 92,64 91.26 90.26 0.847 1.011
WS 89.26 92.01 90.55 0.773 1.016

K% 91.54 79.54 85.65 0.769 0.929
Sentinel-2 MSI 7§ 89.98 89.85 86.51 0.794 1.038

88.61 92.02 89.31 0.761 1.030

=
%

{785 90.58 80.47 80.92 0.744 0.994
% 91.81 90.81 89.02 0.830 1.021
=

89.26 92.01 90.55 0.773 1.016
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4.1.3 A[EHREZSHIWIE

HEUEA MR S T R AR,
HEX AR CGLS-LC100 %44 (https:/land.copernicus.
eu/global/products/lc[2023-12-26]) %l 43 M # £ X
SHBEIX . BAESS R R4, W LA AR RIS,
SRR LX) OA BAEWEIX 55 2.15%, 539110 91.20%
F189.05%; #RA-IX Y PA FLHE B X 155 1.82%, 43l
H90.73% F1 88.91%; i 1 X 1Y UA BAH # X =
0.73%, 539 M 88.60% F187.87%; #+ X [ Kappa
F ARG 55 0.04, 3574 0.820 F10.780, #R+
X5 X o Y AR T ARROCR BB L. B
B DR AL T AR A ORI T ALK, 3T RE
S BRI AR A RO E A R, (H
X SR XEEPICRMEAKR, RUAR L
Mo T AR AR AT B T

F4 AEMFRBEZTREEREZNRIELR
Table 4 Verification results of snow cover reconstruction

under different land cover

BAEET MRESE OA/% PA/% UA/% Kappa Bias
B 9169 91.04 8932 0.829 1.019
BX  89.91 89.91 87.87 0.796 1.023
BAEX 9063 90.56 88.01 0.810 1.029
HigEX  87.17 87.00 87.86 0.743 0.990
AKX 9120 90.73 88.60 0.820 1.023

FEBEIX 89.05 88.91 87.87 0.780 1.011

Landsat 8 OLI

Sentinel-2 MSI
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Fig. 4 Histogram of OA comparison of the three methods in different validation images



876 National Remote Sensing Bulletin i & 54k 2025, 29(4)
1.0 1.0 1.0 1.0
L . 55 % g
< g
Sos = <08 “
0.6 0.6

0.6
U-Net++ STARFM DMNet
Jiid
(a) OA

% 5

0.4
U-Net++ STARFM DMNet

Ji i
(b) PA

0.6
U-Net++ STARFM DMNet
Jr ik
(c) UA

AR HEAERAG 350 749 OA (PA UA Fl Kappa Gt i1 4 £ &

0.4
U-Net++ STARFM DMNet

Jrid:
(d) Kappa

Fig. 5 Boxplots of OA, PA, UA and Kappa statistics for the three methods in different validation images

422 AEREEZEXTLL

TEAG . HhoRn e 3 RO TR AR 5 5 B S AR b 43 il
BERIG 25 X3, (50 kmx50 km) FEFEH A,
T H N 22% . 33% F167%., T A AL 1 AR
YUESE AN 6 s, A PRI o6 B X b, LT
U—Net++ X 2% 5 & (1) FL S [ FH PA LU 5L T STARFM
SR T DMNet [0 2% 55 HE RS TR 5 1% 5 32.6%
M25.8%, FTF STARFM B35 FIFE T DMNet 2%
BYMEHBREXA T ERTRZNE,
TERCA TR NG o 36T U-Net++ M 2% B (A9 L
AR BARAEE R Z R Ty, Hilw o T8
A T A A% A W AR T X R S i A e, 7R
BERERE IR, BT U-Net++ M 45 (1B 5 TH FRAE X 45§
I BRIR A R A SR AT, LT A R A

U-Net++

STARFM

STARFM

(a) fRAL G

(3) Low snow coverage

FOLEHMME WA T STARFM ik EH
1 AR X R O M BER T S A F B 24 oy, 1
DX AE b o KH RS 1 30 2 b e o B ™ o
T DMNet %) £ (14 FRU 5 1] BRI 7 BEAR AR =5 4k 7y T 4
BE, EREABREENE LR TSRS &
7 s B DM, 3T STARFM 45 5 1 5L T DMNet
W 26 ) RS TR X I A A R T R,
AN, BEF STARFM 53k i R 1o AR AR v B 25 2k
TREME, KT DMNet P25 i B 1 FRAE X 55
I FEBAEE R 24 I . BE T U-Net++ M2 R
5T R R 7 DO R T AR R S ) T AU
I, WSS, i, FET U-Net++
o 2% (1% PR 5 T FRZE AN () 2 i o DXl o o B of
1 B ¥4 T 5 T STARFM 553 Ml JE T DMNet [ 4%
CIREIN AT AN

DMNet

DMNet

(b)

(b) Moderate snow coverage



v A BE T U-Net++AEL 14 22 JBCHE ) 28 20 B AR 5 T AR L el ——DUAR I Ll X Ay 4] 877

(c) mf

(¢) High snow coverage

- A= [ U-Net++
~ STARFM
[ ]#n= BN DMNet

Fl6 ISR T 3 R BT v L

Fig. 6 Comparison of three snow area reconstruction methods under different snow coverages
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43 ZRBEMRBPF NS

PRI 5 SEANIE] 2~ 5 7 55 1 Landsat 8 OLI 2154
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Table 5 Verification results of snow area reconstruction in Landsat 8 OLI images under different cloud cover conditions

PLEAF B B EI% O0A/% PA/% UA/% Kappa Bias
135034 35.68 93.56 95.47 93.72 0.866 1.018
135034 41.41 97.54 93.95 92.31 0.9163 1.017
135034 63.51 95.43 95.54 95.52 0.907 1.00
134034 68.18 96.38 90.75 98.79 0.918 0.918
134034 87.14 93.46 92.83 92.96 0.868 0.998

4.4 ] jE) B ot AR B B S 0 43 A

Ve BUH [A) 37 & 4k 5 5% JC 2 Sentinel -2 MSI 5414,
55 talaIpE oA 16 d HH R B 5 5% Landsat 8 OLI 4%
VER AR . WUFLS RN 6 i, 7E Sentinel-2
MSTEGUELE S, At ] [ B 14 d A S0 500 205 SR mes
T el bs 12 d 58 Bs 22 d 36 3E5cs A ] s [a] Ja)

P B0 IE K3 OA 1 25<6% ., 1 Landsat 8 OLI 51 %%
farh, Fe AU TESS RO (8] B 80 d, AN [W] i [ 7]
1 OA M 2E<5% . FEAS RISl [ BE T, A2 il i)
PRV T AR A 82 D050 PR Sy s 1) ) B 1 22 £ g 7
A B E A

x6 AR EERETREEREZHEIELER

Table 6 Verification results of snow area reconstruction under different time intervals

e N EIEEA 0A/% PA/% UA/% Kappa Bias
9 91.54 89.14 92.13 0.829 0.968

12 88.68 79.56 82.76 0.730 0.961

Sentinel-2 MSI 14 86.68 84.55 92.90 0.727 0.910
22 88.34 87.02 90.38 0.767 0.963

27 85.99 87.19 91.67 0.688 0.951

16 91.93 88.88 89.46 0.827 0.994

32 91.77 87.73 88.22 0.817 0.994

Landsat 8 OLI 48 89.78 89.16 88.97 0.795 1.002
64 90.71 92.17 96.01 0.729 0.960

80 93.56 95.47 93.72 0.866 1.018
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Fig. 8 Histogram of OA comparison of the three indices and single index in different validation images
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Fig. 9 Boxplots of OA, PA, UA and Kappa statistics for three indices and single index in different validation images
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Fig. 10 Reconstructed 30 m snow area in the northern foothills of the Qilian Mountains on 2020-12-15
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Reconstruction of high spatiotemporal resolution snow cover remote
sensing range data from multiple sources based on deep learning model :
A case study in the Qilian Mountains
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Abstract: High spatial and temporal resolution snow cover remote sensing range data are the key driving data for hydrological simulation.
The accuracy of snow cover range directly determines the reliability of simulation results. Existing snow range remote sensing products,
limited by sensor performance, often cannot achieve high temporal and spatial resolution and are stretched when facing highly spatially
heterogeneous patchy snow distribution. As an important driving data for hydrological simulation, daily snow cover extent data with a
spatial resolution of 30 m is crucial to improving the accuracy of basin-scale hydrological simulation. The purpose of this study is to prepare
30 m daily high-precision snow coverage data in the Qilian Mountains, in order to achieve dynamic monitoring of spatiotemporal changes in
SNOW cover area.

This study used the U-Net++ deep learning network to predict the snow cover range with high spatiotemporal resolution. First, the
Landsat 8 SR reflectance data at the previous time 7, and the MODO9GA reflectance at ¢, and ¢, were resampled, and the pixels were
matched. L], M|, and M, were obtained by calculating NDSI, NDVI, and NDFSI index data for the three images. M|-M, and L} were used as
feature inputs to the U-Net++ network. The snow range obtained from the Landsat 8 SR reflectance at time ¢, by the snow accumulation
recognition algorithm was used as the network training truth value. Finally, any two moments corresponding to the features of the network
were input, and the network reconstructed the high-resolution snow extent data corresponding to the latter moment.

The reconstruction result based on the U-Net++ algorithm effectively restored the snow range information under the complex
underlying surface. The overall accuracy verified in the northern foothills of the Qilian Mountains was 90.4%, the producer accuracy was
89.9%, and the user accuracy was 88.4%; the kappa coefficient was 0.804, which is almost completely consistent with the real snow range.
Among different snow coverages, the overall accuracies of low, medium, and high coverage were 89.26%, 92.91%, and 90.55%. Among
different land surface covers, the overall accuracy of the bare soil area was 91.20%, and the overall accuracy of the vegetation area was
89.05%. It was compared with spatiotemporal fusion algorithms that indirectly reconstruct snow cover information based on satellite data
fusion reflectivity, such as STARFM and DMNet networks; the overall accuracy increased by 8.7% and 5.2%, respectively.

The snow coverage reconstruction method based on U-Net++ network is suitable for the reconstruction of snow coverage data with
high spatial and temporal resolution. The snow coverage range data reconstructed on the basis of this method in the northern foothills of the
Qilian Mountains has high accuracy and has good reconstruction results at different snow coverage levels and different surface types. It has
good reconstruction results for large areas of snow in high coverage areas and patchy snow in medium and low coverage areas. It also has
good reconstruction results for bare soil areas and vegetation areas and has strong stability.

Key words: snow cover area, deep learning, multi-source fusion, MODIS, Landsat
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