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Abstract: Northeast China, a mid- to high-latitude region with extensive lake distribution and high sensitivity to climate
change, experiences unique seasonal lake ice phenology variations that profoundly influence lake ecosystems. However, the
scarcity of long-term lake ice phenology records in this region has hindered the identification of changing characteristics. To
address this gap, this study applied the XGBoost-SHAP machine learning approach to reconstruct a lake ice phenology dataset
for key lakes in Northeast China—Hulun, Lianhuan, Chagan, Xingkai, and Wolong Lakes—from 1981 to 2023, and
quantitatively analyzed the trends in lake ice phenology and their driving factors. The results indicate that: (1) the XGBoost-

based lake ice phenology prediction model achieves high accuracy, with a coefficient of determination (R?) of 0.97 for both
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freeze-up and break-up dates, accompanied by mean absolute percentage errors of 0.5% and 1.9%, respectively; (2) lake ice
phenology exhibits consistent trends toward later freeze-up, earlier break-up, and shorter ice cover duration; specifically, at
higher-latitude Hulun Lake, freeze-up is delayed by 0.18 d/a, break-up advances by 0.37 d/a, and ice cover duration shortens
by 0.55 d/a, while at the relatively lower-latitude Wolong Lake, the corresponding rates are 0.13 d/a, 0.20 d/a, and 0.33 d/a;
(3) air temperature is the dominant driver of these changes, contributing 40.5% to freeze-up date variation and 31.2% to break-
up date variation. These findings advance the understanding of cold-region lake ice phenology response mechanisms to global
climate change and offer scientific support for lake water environment protection and aquatic ecological management.
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Fig.1 Locations of lakes in the study area
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Tab.1 The geographical location and attributes of lakes

5 WA 2 R PG AR MoiMENTEA R 2 FHIIKIR
(°E) (°N) (km?) (m) (108xm?) (m)
1 I AL il 117.40 48.94 2202.40 540.49 4731 5.75
2 I 124.11 46.60 330.57 136.00 1.36 5.20
3 ML 132.57 45.34 4190.00 68.00 18.30 4.50
4 T 124.26 4527 345.00 125.50 1.26 3.15
5 Bl 7 vl 123.28 42.75 56.67 88.00 0.96 1.70
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Fig.5 Daily variation trends of freeze-up dates in the five major lakes in Northeast China from 1981 to 2023
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Fig.6 Daily variation trends of break-up dates in the five major lakes in Northeast China from 1981 to 2023



yo 0. 555+ 1289.39 ' o0, F9x + 953,04 y D31 x+997.0]

e
1 w: &
1 o | @ :
' w | ke 124
MER -
: . -
1"
Yol 388493891 1o y 0 Mx+815.11
#IN X + AN

P&l 7 1981-2023 4F 7R bt [X F1 K AT vkCE AR bk 34 R
Fig.7 Daily variation trends of lake ice-cover duration in the five major lakes in Northeast China from 1981 to 2023
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Fig.8 (a) XGBoost-based lake ice phenology prediction results; (b-¢) Sentinel multispectral imagery with 10-meter resolution

XGBoost WUK PG TR B AR B I B4 ) UM P e, EAARAE )R BR 1. B0k, MBI R R MR
AU BN e R e 7 BRUST, {5 o R R s i T DR 2 S SR B AT R 2 R T KO R AR A T AR
HEFR, K TE PG T 000 21 () B B R R 3 I R R 45 B EEROY, R, TR ALR Y H 3R R A
) 3 HFE AN, A DU B2 3 [ RUBE ARG 30 UK W0 B 25 (R Wk I o J82, AR 30 o 1 R/ PR it % ) o i
N, ARESE 1-2 RIGTUN w22, A IXAEW DR DD AG AR 58 b J8 T T S2 Y B, 2 YT kO A el
R G B . R T HRESRERNB S, BmEE R Cdnmii. KiK. WwES 1
73 8] S A TN S5 SR A SE M B O B2 . BRI, RORAIT 9T R B W T S R E R S 8 77 58, FFn
5 DX R EEIRAIE, DA — 5 SR TR AR Ao FH A A T RS
4.2 K IET WA IR R B F SR EKE 24T

TRV AR AL 52 BRI 7RI B 5 @ M SERE S, 5T SHAP AL vk & A8 (L i)
KB R 1% B HE T S DTk A a5 SRR, AR S K R F B R R IKBIE F, TE4S
YK E ALK B 1 353 B A S R i . i — il id SHAP AR 54 8% B %o T oK 4 1 A A 19 BT ik
FERIN(EL 9), SRAE I B B RS R, ] 25 VKRN R G 2 43 S0l 3 0 1 .38 (R Ak A (2 st AR A, B
T (SHAP {E>0), 2 ERWIALE K, (A2 IE MUK (SHAP {H<0). 4 FEAE 45 vk Ak vkod 72 s
SRR, PRI T Hm e U Y X R g 2 P R K B S 2 AR A TG UK gk 7 A R R I . 4 PR
T CHTRARI8T) 32 K PR AR S 1) 2B 1 MR AR s AN & R SR B BE R I 3L R, A5 Ok Y i e L
BB (R AR B g 3323300 Ak, KT RN K BH 8 S E AN (R B B e B BT 2 e RUAE £ DK R R 1
AR, TR B S AE Rl okod B2 b o H SE G Ay, S bl R AR WA B S R T i 22 AR AT .
ERERIE, BKERIKI B TTRREE ARS8/, XA 5T 215 56 k0, ZoKan b m & 2
AR ], TERKE], B EH N -5 -0k K e R A T L 2 5 R e I, AT
R AN UK E S R VR

BRSRTAb, WAIA A RRAE i e T AR 4R T 24 7K )t 2 5 e vk 4 4 £ J R RT3, i
TATAS R BRI R0 AT KIE IR B HA ik A7 S5 4 B A 20 17 B Y K A R 36, SR, 5 RIT RIS
FE R TTHRBEEA LL , T80 911 J0 25 e UK 1 28 A P D R P AR R e 55 07 (B AR R, R T 9 X LA
A EAAEESR, BRI AWK R H . SHAP 73 #r 4l Rk — B8R 7 Wlia s oo
AR5 KR B LD EEAN FIR B B M 22 e, FESS VKO, WATE S E VRO, T E Rk,
HAEHW RS . X PR AR T A XA B A IR, B 7 3l S Ut v ir 4G, R
FEDX IR BE AT, SR (4 32 50 ATl 2 30 0 498 26 TR T 102 25 1) o M B e 381, BTG {68 T 75 % 57 103
THZR I AR AR A



Figtaat sHar @
0.2%

s b oW 052
R |Qierem .'-‘W ..
N |0.24 (1840 ———— _‘_,
Pl |0 215 (TN . -w-,
A | oo0n s - ._*....
PR |07 6 --..’....
AEAMR/FEpKE |0 @™ _*_
AR |07 6w 4
B |oote (1L +_
P (0004 (0.3% ’
FHpkE | 000 0.0 ‘ (a)
0 —(:v! 0 0 1.0 &
SHAP (M
Fr9inzg AP (N
0.0 0w 018 028 0

oA |0 1w e ————— #— - —— .-
Hig |08 22 M o ..”
Mok | (a1 - —*.—

BOES | 0092 328 . =

KIaGRs |0.000 (7,18 - i -

S5 | 0.0 (A& _*
Flak 0055 (4 9% _*.__
M [0.862 4N ..’_
TR |0 004 03N
REAM/ 140k |0.005 0.2% z
0.0

(b))

SHAP 4

9 (a) ARAbHh X 250k HAZ ISR BN R T IT kAL (b) ZRALHAIX ik H A8 06 ¥ 3K B) [ DTk B2
Fig.9 (a) Contributions of driving factors to changes in freeze-up dates in the Northeast China; (b) Contributions of driving factors to
changes in break-up dates in the Northeast China.

UK SRR T A AE SIS A BAR R R, WK v] DU &SR BT A4, TR
TR R AR A B S WUk P0) . JE T SHAP BEBUMRMTEE IR, A S LA T8 8], 454 1981-2023
ARG, B A UK S Rk H TS R E IR T A AR, AL E T
AR R S R XU W UK P A A A 2 2 ORIR (I 10), A SRR IR, IR R TR vk ek
(IRAEAR 2] TP R, B TURIL, IR X R EE 5 450K H 2235 IEH (K 102), SREkH 2 8%
FAA R R Z (B 10b), RBPTIRTT 2 @ F HER G5 VIO ROK, R BRI vk 5 AR A B R B U () 12
o KBAHES FIRE R R, L E 0K H 2IEMASC(E 100). SRk H 27 KK 10d), FAEH
HU A2 5B T e e S Ok B K B3N, 30 ST+ A BRAR AT BB sl 2B VKR IR K B3R 5 3 00K
RS I (R DK 2 S R A — 25 S UK e R A LA R R 4 T K A M 1) R BRI T
XEE5 UK S RKIE R B A XCEAE R (B 10e. DI, FESSUKI, 550w Ao X3 2 18 iR A - A0 A S 3 BELASH 7 DK
A, MIIAEIEFRE VK AT A T 7E BRI, X 50 2 (R b /K TR 45, 48 om oK B o i ol 2 143940,
T T AT AR N LA T DX OGS A A A PR Wi L B {4 — S AR B 1 SO
4.3 K IEN SIRBUREFR 2R

TR UK A AL AR (i 82 AN R B B AR B S5 0Kk H HEIR ANRL UK H SR AT S, A7 48 52 1A
) 22 5 U5), FEARW T AR D, SKHZR EFEZRE. S WIHRSNGETER. X
L5 BT AL T UL (L) 45°N), IRE R IR IR, (HESK HHEEE R 5108 0.15 d/a 5 0.12
d/a, ZEFARATBEIRTHIA AR R 22 57 . KBEWIA (X% Bl B8 T BB iR 2218, TR
gk, NSO CIn A T BN R ) S 5 TEARIR S A PRI RSET20), ML R, AR IR e L
FE e e, AR AR, S UKIARXT SR, (HAERRP sl SR, St i 4 B X U AR A



(¢34

N1

- 1]
(a)—o— CMTFINNE
o b !
) &
"2 % 5
- ¥ & V-
= = = =
30w b . 2 : _
- *
Lol 2 =
o - 4
1 L A ' 1 Al I L A A A A A . ' 1 A
1981 19% W) e 0 e ML Nls 1 1981 9 199 9% 00) e e
o) 150
328 .(c)—o—.’.‘n‘Mi 108 _(d)—o— I&!{Ml
—— P AR —a X PR AR
20 b 1 1% 140
320 100 + \ /\
RIES 3 470 =
d 10 =
- £ = [ / s
¥ N0 0 = ¥ % =
e o 4120 =
* 305t 3 o \/ £
Y X _ &=
ot 85 <
300 - ) 1o
295 | ” &
1x
zqu 1 'l I i) L ' '} ] ' W "s 1 'l 'l 'l i ' ' I I
JOR1 1986 1991 19% 2001 2006 2011 2016 2021 19RE 1986 1991 1996 2001 2006 2001 M6 221
" s F )
320 '(C)—._ it (n—o—mAl{
1€ i) 1 2500k wo b e X ] P R0 »
RIE 2 —
9s b
]
Aok - o0 b -
: £ % B
P ~ = ssh =
= s ) = “ ®)
= W : =
4125 =0 b i
300 /
78
205 | =
R0 A A A A A A A A A 65 L A A . A A A A A 20
1981 19856 1991 1996 N1 2006 2011 2016 2020 1981 1986 1991 199 2001 2006 2011 2016 2021
i 0

Pl 10 1981-2023 42 W11 VK% A Ak 55 S B AR A PR 7 RO AH 2656 &

Fig.10 Analysis of the relationship between lake ice phenology changes and key driving factors in Chagan Lake from 1981 to 2023
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