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Supplementary Figure S1. Complete month-to-month ERA5-Land thermal-state transition counts across rolling folds. Rows are sources, columns are destinations, and cells give within-fold counts (n = 46).
Supplementary Table S1. Fold-specific accuracy, run dispersion, parameter counts, and DCSF reductions across the ten-method rolling validation. Reductions are relative to each comparator; the 239,809-parameter DCSF count covers trainable neural parameters and excludes its fixed fold-specific XGBoost h6 anchor.
	Rank
	Method
	Type
	Rolling A MAE
	Rolling B MAE
	Equal-fold MAE
	Parameters
	Runs
	DCSF reduction (%)

	1
	RegimeTransfer-DCSF
	Deep causal hybrid
	1.1738 ± 0.0023
	1.1743 ± 0.0035
	1.1741
	239,809
	4
	—

	2
	Seasonal climatology
	Traditional
	1.2448
	1.2725
	1.2587
	—
	1
	6.72

	3
	TimeFilter
	Deep
	1.3985 ± 0.0243
	1.5946 ± 0.0129
	1.4965
	4,206
	10
	21.55

	4
	iTransformer
	Deep
	1.4123 ± 0.0105
	1.5939 ± 0.0177
	1.5031
	9,222
	10
	21.89

	5
	TimeXer
	Deep
	1.4290 ± 0.0166
	1.5796 ± 0.0143
	1.5043
	17,446
	10
	21.95

	6
	TimeMixer
	Deep
	1.4185 ± 0.0174
	1.6179 ± 0.0250
	1.5182
	2,049
	10
	22.67

	7
	ModernTCN
	Deep
	1.4772 ± 0.0720
	1.5814 ± 0.0390
	1.5293
	1,332,746
	10
	23.23

	8
	XGBoost
	Traditional
	1.4821
	1.5917
	1.5369
	—
	1
	23.61

	9
	Timer-XL
	Deep
	1.4858 ± 0.0153
	1.6695 ± 0.0239
	1.5777
	8,942
	10
	25.58

	10
	MoSSL
	Deep
	2.2467 ± 1.8011
	2.3503 ± 1.9207
	2.2985
	112,881
	10
	48.92


Supplementary Table S2. Baseline configurations and implementation sources for the seven learned model families. Panels A–D report shared inputs, optimization settings, model architecture, and code sources.
A. Shared input and evaluation design
	Setting
	Value

	Runs per model
	10

	Rolling folds
	Rolling A; Rolling B

	Seeds
	2025–2029

	Input history
	12 months

	Forecast horizons
	1, 3, and 6 months

	Predictors
	12

	Model grid
	44 × 86

	Spatial patch
	2 × 2

	Native features
	96

	Input scaling
	Fold-training only

	Target scaling
	Fold-training T2M

	Future covariates
	None

	Target domain
	Valid-domain mask



B. Shared optimization settings
	Setting
	Value

	Search trials
	1

	Maximum epochs
	50

	Maximum runtime
	2 h

	Device
	CUDA GPU

	Batch size
	32

	Learning rate
	3 × 10⁻⁴

	Weight decay
	1 × 10⁻⁴

	Gradient clipping
	1

	Early-stopping patience
	8 epochs

	Model selection criterion
	Validation MAE

	Test evaluations during tuning
	0



C. Model-specific architecture
	Model
	Parameters
	Architecture settings

	iTransformer
	9,222
	Model width 32; FF width 64; 1 encoder layer; 4 heads; dropout 0; normalization

	TimeMixer
	2,049
	Model width 16; FF width 32; 1 encoder layer; channel-independent; one 2× downsampling layer; moving average 3; dropout 0

	ModernTCN
	1,332,746
	Four 8-channel stages; one block per stage; large kernels 5/5/3/3; small kernels 3/3/3/3; patch 2; stride 2; FF ratio 2; RevIN

	TimeXer
	17,446
	Model width 32; FF width 64; 1 encoder layer; 4 heads; patch length 3; dropout 0

	MoSSL
	112,881
	4 channels; 2 components

	TimeFilter
	4,206
	Model width 16; FF width 32; 1 encoder layer; 4 heads; patch length 3; α = 0.1; top-p = 0.5; positional encoding

	Timer-XL
	8,942
	Model width 32; FF width 64; 1 encoder layer; 4 heads; input/output tokens 3/6; GELU; normalization



D. Implementation sources
	Model
	Reference source
	Reference revision
	Analysis source
	Analysis revision

	iTransformer
	thuml/iTransformer
	c2426e68
	thuml/iTransformer
	c2426e68

	TimeMixer
	kwuking/TimeMixer
	e2461058
	kwuking/TimeMixer
	e2461058

	ModernTCN
	luodhhh/ModernTCN
	56a9a2c0
	luodhhh/ModernTCN
	56a9a2c0

	TimeXer
	thuml/TimeXer
	76011909
	thuml/TimeXer
	76011909

	MoSSL
	beginner-sketch/MoSSL
	2ca992ea
	beginner-sketch/MoSSL
	2ca992ea

	TimeFilter
	TROUBADOUR000/TimeFilter
	dffde87e
	TROUBADOUR000/TimeFilter
	dffde87e

	Timer-XL
	thuml/Timer-XL
	0f4a9879
	thuml/OpenLTM
	0b300509


Supplementary Table S3. Ten loss-migration candidates evaluated in the development-validation setting. Candidate MAE and specification roles define the selection set; bold identifies the selected 48-channel sigmoid-migration specification.
	Rank
	Candidate
	Schedule
	Structure
	Channels
	Parameters
	h1 deep weight
	h3 deep weight
	h6 deep weight
	Equal-fold MAE (°C)
	ΔMAE (°C)

	1
	48-channel sigmoid migration
	Sigmoid
	Yes
	48
	239,809
	1.00
	0.25
	0.00
	1.169501
	0.000000

	2
	32-channel linear migration
	Linear
	Yes
	32
	91,105
	1.00
	0.25
	0.00
	1.169929
	0.000429

	3
	48-channel linear migration
	Linear
	Yes
	48
	239,809
	0.75
	0.25
	0.00
	1.171408
	0.001907

	4
	48-channel target-only training
	Target only
	Yes
	48
	239,809
	0.50
	0.25
	0.00
	1.171426
	0.001925

	5
	48-channel linear, no structure
	Linear
	No
	48
	239,809
	0.50
	0.25
	0.00
	1.172241
	0.002740

	6
	48-channel linear, 60-month recency weighting
	Linear
	Yes
	48
	239,809
	0.25
	0.25
	0.00
	1.172927
	0.003426

	7
	48-channel cosine migration
	Cosine
	Yes
	48
	239,809
	0.25
	0.25
	0.00
	1.173422
	0.003921

	8
	48-channel abrupt migration
	Abrupt
	Yes
	48
	239,809
	0.25
	0.25
	0.00
	1.173477
	0.003976

	9
	64-channel linear migration
	Linear
	Yes
	64
	414,209
	0.00
	0.25
	0.00
	1.173566
	0.004065

	10
	48-channel fixed weighting
	Fixed
	Yes
	48
	239,809
	0.00
	0.00
	0.00
	1.173771
	0.004270


Supplementary Table S4. Complete 50-configuration level–anchor sensitivity matrix. Rows report prespecified perturbations around the selected specification.
A. Performance across the 50 configurations
	Ablation ID
	Family
	Specification
	Rolling A MAE (°C)
	Rolling B MAE (°C)
	Main-validation MAE (°C)
	Three-fold equal-mean MAE (°C)

	A00
	Global component scale
	State ×0; shape ×0
	1.2448
	1.2725
	1.3500
	1.2891

	A01
	Global component scale
	State ×0; shape ×0.5
	1.2429
	1.2511
	1.3405
	1.2782

	A02
	Global component scale
	State ×0; shape ×1
	1.2494
	1.2380
	1.3446
	1.2773

	A03
	Global component scale
	State ×0; shape ×1.5
	1.2637
	1.2351
	1.3609
	1.2865

	A04
	Global component scale
	State ×0.5; shape ×0
	1.1945
	1.2213
	1.3618
	1.2592

	A05
	Global component scale
	State ×0.5; shape ×0.5
	1.1921
	1.1982
	1.3526
	1.2477

	A06
	Global component scale
	State ×0.5; shape ×1
	1.1985
	1.1844
	1.3576
	1.2468

	A07
	Global component scale
	State ×0.5; shape ×1.5
	1.2133
	1.1824
	1.3742
	1.2566

	A08
	Global component scale
	State ×1; shape ×0
	1.1718
	1.2065
	1.4138
	1.2640

	A09
	Global component scale
	State ×1; shape ×0.5
	1.1705
	1.1830
	1.4057
	1.2531

	A10
	Global component scale
	State ×1; shape ×1
	1.1776
	1.1700
	1.4101
	1.2525

	A11
	Global component scale
	State ×1; shape ×1.5
	1.1924
	1.1699
	1.4257
	1.2627

	A12
	Global component scale
	State ×1.5; shape ×0
	1.1812
	1.2345
	1.4993
	1.3050

	A13
	Global component scale
	State ×1.5; shape ×0.5
	1.1799
	1.2100
	1.4932
	1.2944

	A14
	Global component scale
	State ×1.5; shape ×1
	1.1870
	1.1976
	1.4977
	1.2941

	A15
	Global component scale
	State ×1.5; shape ×1.5
	1.2012
	1.1983
	1.5116
	1.3037

	A16
	Horizon inclusion
	Include h1
	1.2266
	1.2099
	1.3361
	1.2576

	A17
	Horizon inclusion
	Include h3
	1.2356
	1.2395
	1.3671
	1.2808

	A18
	Horizon inclusion
	Include h6
	1.2050
	1.2655
	1.4068
	1.2925

	A19
	Horizon inclusion
	Include h1 h3
	1.2174
	1.1769
	1.3533
	1.2492

	A20
	Horizon inclusion
	Include h1 h6
	1.1868
	1.2029
	1.3929
	1.2609

	A21
	Horizon inclusion
	Include h3 h6
	1.1958
	1.2326
	1.4239
	1.2841

	A22
	Single component knockout
	Remove state h1
	1.1983
	1.2098
	1.3985
	1.2689

	A23
	Single component knockout
	Remove shape h1
	1.1744
	1.1952
	1.4322
	1.2673

	A24
	Single component knockout
	Remove state h3
	1.1880
	1.1945
	1.4001
	1.2609

	A25
	Single component knockout
	Remove shape h3
	1.1757
	1.1766
	1.4038
	1.2520

	A26
	Single component knockout
	Remove state h6
	1.2183
	1.1736
	1.3661
	1.2527

	A27
	Single component knockout
	Remove shape h6
	1.1769
	1.1747
	1.3980
	1.2499

	A28
	Single component only
	Only state h1
	1.2235
	1.2351
	1.3582
	1.2723

	A29
	Single component only
	Only shape h1
	1.2473
	1.2498
	1.3246
	1.2739

	A30
	Single component only
	Only state h3
	1.2337
	1.2462
	1.3608
	1.2802

	A31
	Single component only
	Only shape h3
	1.2461
	1.2641
	1.3572
	1.2891

	A32
	Single component only
	Only state h6
	1.2044
	1.2702
	1.3947
	1.2898

	A33
	Single component only
	Only shape h6
	1.2458
	1.2692
	1.3628
	1.2926

	A34
	Shared weight
	Share state h1
	1.1862
	1.1692
	1.4021
	1.2525

	A35
	Shared weight
	Share state h3
	1.1916
	1.1696
	1.3736
	1.2450

	A36
	Shared weight
	Share state h6
	1.1929
	1.2027
	1.4855
	1.2937

	A37
	Shared weight
	Share shape h1
	1.2250
	1.2532
	1.4624
	1.3135

	A38
	Shared weight
	Share shape h3
	1.1771
	1.2135
	1.4287
	1.2731

	A39
	Shared weight
	Share shape h6
	1.2045
	1.2311
	1.4380
	1.2912

	A40
	Sign intervention
	Flip all state signs
	1.4147
	1.4247
	1.4143
	1.4179

	A41
	Sign intervention
	Flip all shape signs
	1.2015
	1.2827
	1.4704
	1.3182

	A42
	Sign intervention
	Flip all component signs
	1.4302
	1.5158
	1.4754
	1.4738

	A43
	Single horizon scale
	h1 components ×0.5
	1.1782
	1.1890
	1.4019
	1.2564

	A44
	Single horizon scale
	h1 components ×1.5
	1.1919
	1.1841
	1.4431
	1.2730

	A45
	Single horizon scale
	h3 components ×0.5
	1.1782
	1.1797
	1.3955
	1.2511

	A46
	Single horizon scale
	h3 components ×1.5
	1.1852
	1.1755
	1.4362
	1.2656

	A47
	Single horizon scale
	h6 components ×0.5
	1.1909
	1.1695
	1.3755
	1.2453

	A48
	Single horizon scale
	h6 components ×1.5
	1.1792
	1.1787
	1.4525
	1.2701

	A49
	Horizon weight reversal
	Swap h1 h6 weights
	1.1871
	1.1824
	1.4282
	1.2659



B. Horizon-specific level–shape responsibility
	Ablation ID
	Family
	Specification
	h1 state
	h1 shape
	h3 state
	h3 shape
	h6 state
	h6 shape

	A00
	Global component scale
	State ×0; shape ×0
	0.0000
	0.0000
	0.0000
	0.0000
	0.0000
	0.0000

	A01
	Global component scale
	State ×0; shape ×0.5
	0.0000
	0.2000
	0.0000
	-0.0500
	0.0000
	0.1500

	A02
	Global component scale
	State ×0; shape ×1
	0.0000
	0.4000
	0.0000
	-0.1000
	0.0000
	0.3000

	A03
	Global component scale
	State ×0; shape ×1.5
	0.0000
	0.6000
	0.0000
	-0.1500
	0.0000
	0.4500

	A04
	Global component scale
	State ×0.5; shape ×0
	-0.4250
	0.0000
	-0.3250
	0.0000
	-0.6250
	0.0000

	A05
	Global component scale
	State ×0.5; shape ×0.5
	-0.4250
	0.2000
	-0.3250
	-0.0500
	-0.6250
	0.1500

	A06
	Global component scale
	State ×0.5; shape ×1
	-0.4250
	0.4000
	-0.3250
	-0.1000
	-0.6250
	0.3000

	A07
	Global component scale
	State ×0.5; shape ×1.5
	-0.4250
	0.6000
	-0.3250
	-0.1500
	-0.6250
	0.4500

	A08
	Global component scale
	State ×1; shape ×0
	-0.8500
	0.0000
	-0.6500
	0.0000
	-1.2500
	0.0000

	A09
	Global component scale
	State ×1; shape ×0.5
	-0.8500
	0.2000
	-0.6500
	-0.0500
	-1.2500
	0.1500

	A10
	Global component scale
	State ×1; shape ×1
	-0.8500
	0.4000
	-0.6500
	-0.1000
	-1.2500
	0.3000

	A11
	Global component scale
	State ×1; shape ×1.5
	-0.8500
	0.6000
	-0.6500
	-0.1500
	-1.2500
	0.4500

	A12
	Global component scale
	State ×1.5; shape ×0
	-1.2750
	0.0000
	-0.9750
	0.0000
	-1.8750
	0.0000

	A13
	Global component scale
	State ×1.5; shape ×0.5
	-1.2750
	0.2000
	-0.9750
	-0.0500
	-1.8750
	0.1500

	A14
	Global component scale
	State ×1.5; shape ×1
	-1.2750
	0.4000
	-0.9750
	-0.1000
	-1.8750
	0.3000

	A15
	Global component scale
	State ×1.5; shape ×1.5
	-1.2750
	0.6000
	-0.9750
	-0.1500
	-1.8750
	0.4500

	A16
	Horizon inclusion
	Include h1
	-0.8500
	0.4000
	0.0000
	0.0000
	0.0000
	0.0000

	A17
	Horizon inclusion
	Include h3
	0.0000
	0.0000
	-0.6500
	-0.1000
	0.0000
	0.0000

	A18
	Horizon inclusion
	Include h6
	0.0000
	0.0000
	0.0000
	0.0000
	-1.2500
	0.3000

	A19
	Horizon inclusion
	Include h1 h3
	-0.8500
	0.4000
	-0.6500
	-0.1000
	0.0000
	0.0000

	A20
	Horizon inclusion
	Include h1 h6
	-0.8500
	0.4000
	0.0000
	0.0000
	-1.2500
	0.3000

	A21
	Horizon inclusion
	Include h3 h6
	0.0000
	0.0000
	-0.6500
	-0.1000
	-1.2500
	0.3000

	A22
	Single component knockout
	Remove state h1
	0.0000
	0.4000
	-0.6500
	-0.1000
	-1.2500
	0.3000

	A23
	Single component knockout
	Remove shape h1
	-0.8500
	0.0000
	-0.6500
	-0.1000
	-1.2500
	0.3000

	A24
	Single component knockout
	Remove state h3
	-0.8500
	0.4000
	0.0000
	-0.1000
	-1.2500
	0.3000

	A25
	Single component knockout
	Remove shape h3
	-0.8500
	0.4000
	-0.6500
	0.0000
	-1.2500
	0.3000

	A26
	Single component knockout
	Remove state h6
	-0.8500
	0.4000
	-0.6500
	-0.1000
	0.0000
	0.3000

	A27
	Single component knockout
	Remove shape h6
	-0.8500
	0.4000
	-0.6500
	-0.1000
	-1.2500
	0.0000

	A28
	Single component only
	Only state h1
	-0.8500
	0.0000
	0.0000
	0.0000
	0.0000
	0.0000

	A29
	Single component only
	Only shape h1
	0.0000
	0.4000
	0.0000
	0.0000
	0.0000
	0.0000

	A30
	Single component only
	Only state h3
	0.0000
	0.0000
	-0.6500
	0.0000
	0.0000
	0.0000

	A31
	Single component only
	Only shape h3
	0.0000
	0.0000
	0.0000
	-0.1000
	0.0000
	0.0000

	A32
	Single component only
	Only state h6
	0.0000
	0.0000
	0.0000
	0.0000
	-1.2500
	0.0000

	A33
	Single component only
	Only shape h6
	0.0000
	0.0000
	0.0000
	0.0000
	0.0000
	0.3000

	A34
	Shared weight
	Share state h1
	-0.8500
	0.4000
	-0.8500
	-0.1000
	-0.8500
	0.3000

	A35
	Shared weight
	Share state h3
	-0.6500
	0.4000
	-0.6500
	-0.1000
	-0.6500
	0.3000

	A36
	Shared weight
	Share state h6
	-1.2500
	0.4000
	-1.2500
	-0.1000
	-1.2500
	0.3000

	A37
	Shared weight
	Share shape h1
	-0.8500
	0.4000
	-0.6500
	0.4000
	-1.2500
	0.4000

	A38
	Shared weight
	Share shape h3
	-0.8500
	-0.1000
	-0.6500
	-0.1000
	-1.2500
	-0.1000

	A39
	Shared weight
	Share shape h6
	-0.8500
	0.3000
	-0.6500
	0.3000
	-1.2500
	0.3000

	A40
	Sign intervention
	Flip all state signs
	0.8500
	0.4000
	0.6500
	-0.1000
	1.2500
	0.3000

	A41
	Sign intervention
	Flip all shape signs
	-0.8500
	-0.4000
	-0.6500
	0.1000
	-1.2500
	-0.3000

	A42
	Sign intervention
	Flip all component signs
	0.8500
	-0.4000
	0.6500
	0.1000
	1.2500
	-0.3000

	A43
	Single horizon scale
	h1 components ×0.5
	-0.4250
	0.2000
	-0.6500
	-0.1000
	-1.2500
	0.3000

	A44
	Single horizon scale
	h1 components ×1.5
	-1.2750
	0.6000
	-0.6500
	-0.1000
	-1.2500
	0.3000

	A45
	Single horizon scale
	h3 components ×0.5
	-0.8500
	0.4000
	-0.3250
	-0.0500
	-1.2500
	0.3000

	A46
	Single horizon scale
	h3 components ×1.5
	-0.8500
	0.4000
	-0.9750
	-0.1500
	-1.2500
	0.3000

	A47
	Single horizon scale
	h6 components ×0.5
	-0.8500
	0.4000
	-0.6500
	-0.1000
	-0.6250
	0.1500

	A48
	Single horizon scale
	h6 components ×1.5
	-0.8500
	0.4000
	-0.6500
	-0.1000
	-1.8750
	0.4500

	A49
	Horizon weight reversal
	Swap h1 h6 weights
	-1.2500
	0.3000
	-0.6500
	-0.1000
	-0.8500
	0.4000


Supplementary Table S5. Transition-gain uncertainty under two-, three-, and six-month circular moving-block bootstraps. Gain equals comparator MAE minus DCSF MAE; 20,000 fold-stratified replicates define intervals, and bold marks the primary three-month block.
	Comparator
	Transition subset
	Months
	Block (months)
	Gain (°C)
	95% CI (°C)
	Pr(gain > 0)

	ModernTCN
	All state-changing
	25
	2
	0.221
	[-0.002, 0.443]
	0.973

	ModernTCN
	All state-changing
	25
	3
	0.221
	[0.019, 0.405]
	0.983

	ModernTCN
	All state-changing
	25
	6
	0.221
	[0.072, 0.379]
	0.999

	ModernTCN
	Changing − nonchanging
	25 vs 11
	2
	0.192
	[-0.172, 0.524]
	0.853

	ModernTCN
	Changing − nonchanging
	25 vs 11
	3
	0.192
	[-0.122, 0.468]
	0.891

	ModernTCN
	Changing − nonchanging
	25 vs 11
	6
	0.192
	[-0.038, 0.398]
	0.953

	ModernTCN
	Cooling transitions
	13
	2
	0.277
	[-0.138, 0.750]
	0.900

	ModernTCN
	Cooling transitions
	13
	3
	0.277
	[-0.096, 0.690]
	0.926

	ModernTCN
	Cooling transitions
	13
	6
	0.277
	[-0.018, 0.679]
	0.966

	ModernTCN
	Warming transitions
	12
	2
	0.161
	[0.007, 0.361]
	0.981

	ModernTCN
	Warming transitions
	12
	3
	0.161
	[0.004, 0.384]
	0.979

	ModernTCN
	Warming transitions
	12
	6
	0.161
	[0.008, 0.411]
	0.981

	Seasonal climatology
	All state-changing
	25
	2
	0.218
	[0.081, 0.357]
	0.999

	Seasonal climatology
	All state-changing
	25
	3
	0.218
	[0.081, 0.355]
	0.999

	Seasonal climatology
	All state-changing
	25
	6
	0.218
	[0.091, 0.335]
	1.000

	Seasonal climatology
	Changing − nonchanging
	25 vs 11
	2
	0.170
	[-0.338, 0.572]
	0.772

	Seasonal climatology
	Changing − nonchanging
	25 vs 11
	3
	0.170
	[-0.262, 0.538]
	0.790

	Seasonal climatology
	Changing − nonchanging
	25 vs 11
	6
	0.170
	[-0.163, 0.447]
	0.858

	Seasonal climatology
	Cooling transitions
	13
	2
	0.118
	[-0.063, 0.332]
	0.889

	Seasonal climatology
	Cooling transitions
	13
	3
	0.118
	[-0.064, 0.330]
	0.882

	Seasonal climatology
	Cooling transitions
	13
	6
	0.118
	[-0.052, 0.322]
	0.902

	Seasonal climatology
	Warming transitions
	12
	2
	0.326
	[0.154, 0.498]
	1.000

	Seasonal climatology
	Warming transitions
	12
	3
	0.326
	[0.154, 0.498]
	1.000

	Seasonal climatology
	Warming transitions
	12
	6
	0.326
	[0.189, 0.479]
	1.000

	TimeFilter
	All state-changing
	25
	2
	0.301
	[0.060, 0.547]
	0.993

	TimeFilter
	All state-changing
	25
	3
	0.301
	[0.073, 0.526]
	0.995

	TimeFilter
	All state-changing
	25
	6
	0.301
	[0.104, 0.505]
	0.999

	TimeFilter
	Changing − nonchanging
	25 vs 11
	2
	0.299
	[-0.135, 0.694]
	0.913

	TimeFilter
	Changing − nonchanging
	25 vs 11
	3
	0.299
	[-0.108, 0.650]
	0.927

	TimeFilter
	Changing − nonchanging
	25 vs 11
	6
	0.299
	[-0.008, 0.562]
	0.973

	TimeFilter
	Cooling transitions
	13
	2
	0.307
	[-0.077, 0.768]
	0.938

	TimeFilter
	Cooling transitions
	13
	3
	0.307
	[-0.039, 0.706]
	0.958

	TimeFilter
	Cooling transitions
	13
	6
	0.307
	[0.019, 0.679]
	0.984

	TimeFilter
	Warming transitions
	12
	2
	0.294
	[0.048, 0.660]
	0.996

	TimeFilter
	Warming transitions
	12
	3
	0.294
	[0.043, 0.694]
	0.993

	TimeFilter
	Warming transitions
	12
	6
	0.294
	[0.041, 0.691]
	0.992


Supplementary Table S6. Complete 3 × 3 thermal-state threshold sensitivity across state counts, monthly composition, and three comparator-gain families. The asterisk marks θR = 0.20 and θW = 0.50; gains equal comparator MAE minus DCSF MAE, and every definition contains 48 state months and 36 classifiable h1 months.
A1. Classification agreement and transition counts
	θR
	θW
	Agreement, n/48 (%)
	All transitions
	Warming
	Cooling
	Non-transition

	0.15
	0.40
	44/48 (91.7%)
	27
	14
	13
	9

	0.15
	0.50
	45/48 (93.8%)
	27
	14
	13
	9

	0.15
	0.60
	43/48 (89.6%)
	25
	13
	12
	11

	0.20
	0.40
	47/48 (97.9%)
	25
	12
	13
	11

	0.20*
	0.50*
	48/48 (100.0%)
	25
	12
	13
	11

	0.20
	0.60
	46/48 (95.8%)
	23
	11
	12
	13

	0.25
	0.40
	45/48 (93.8%)
	24
	12
	12
	12

	0.25
	0.50
	46/48 (95.8%)
	25
	12
	13
	11

	0.25
	0.60
	44/48 (91.7%)
	25
	12
	13
	11



A2. Monthly thermal-state composition
	θR
	θW
	Near climatology
	Regional warm
	Widespread warm
	Regional cold
	Widespread cold

	0.15
	0.40
	22
	7
	6
	7
	6

	0.15
	0.50
	22
	7
	6
	8
	5

	0.15
	0.60
	22
	7
	6
	10
	3

	0.20
	0.40
	25
	5
	6
	6
	6

	0.20*
	0.50*
	25
	5
	6
	7
	5

	0.20
	0.60
	25
	5
	6
	9
	3

	0.25
	0.40
	27
	5
	6
	4
	6

	0.25
	0.50
	27
	5
	6
	5
	5

	0.25
	0.60
	27
	5
	6
	7
	3



B1. TimeFilter-relative gain (°C)
	θR
	θW
	All transitions
	Warming
	Cooling
	Non-transition
	Transition − non-transition

	0.15
	0.40
	+0.260
	+0.190
	+0.336
	+0.057
	+0.203

	0.15
	0.50
	+0.247
	+0.190
	+0.307
	+0.098
	+0.148

	0.15
	0.60
	+0.235
	+0.194
	+0.280
	+0.152
	+0.083

	0.20
	0.40
	+0.316
	+0.294
	+0.336
	-0.032
	+0.348

	0.20*
	0.50*
	+0.301
	+0.294
	+0.307
	+0.002
	+0.299

	0.20
	0.60
	+0.293
	+0.307
	+0.280
	+0.062
	+0.231

	0.25
	0.40
	+0.291
	+0.294
	+0.288
	+0.047
	+0.244

	0.25
	0.50
	+0.270
	+0.294
	+0.249
	+0.072
	+0.199

	0.25
	0.60
	+0.270
	+0.294
	+0.249
	+0.072
	+0.199



B2. Seasonal-climatology-relative gain (°C)
	θR
	θW
	All transitions
	Warming
	Cooling
	Non-transition
	Transition − non-transition

	0.15
	0.40
	+0.157
	+0.225
	+0.084
	+0.191
	-0.034

	0.15
	0.50
	+0.173
	+0.225
	+0.118
	+0.143
	+0.030

	0.15
	0.60
	+0.163
	+0.249
	+0.071
	+0.172
	-0.008

	0.20
	0.40
	+0.201
	+0.326
	+0.084
	+0.087
	+0.114

	0.20*
	0.50*
	+0.218
	+0.326
	+0.118
	+0.048
	+0.170

	0.20
	0.60
	+0.211
	+0.364
	+0.071
	+0.086
	+0.124

	0.25
	0.40
	+0.202
	+0.326
	+0.078
	+0.093
	+0.110

	0.25
	0.50
	+0.212
	+0.326
	+0.106
	+0.061
	+0.151

	0.25
	0.60
	+0.212
	+0.326
	+0.106
	+0.061
	+0.151



B3. ModernTCN-relative gain (°C)
	θR
	θW
	All transitions
	Warming
	Cooling
	Non-transition
	Transition − non-transition

	0.15
	0.40
	+0.200
	+0.109
	+0.297
	+0.052
	+0.148

	0.15
	0.50
	+0.190
	+0.109
	+0.277
	+0.081
	+0.108

	0.15
	0.60
	+0.175
	+0.110
	+0.245
	+0.135
	+0.040

	0.20
	0.40
	+0.232
	+0.161
	+0.297
	+0.005
	+0.227

	0.20*
	0.50*
	+0.221
	+0.161
	+0.277
	+0.029
	+0.192

	0.20
	0.60
	+0.208
	+0.168
	+0.245
	+0.082
	+0.126

	0.25
	0.40
	+0.218
	+0.161
	+0.274
	+0.053
	+0.165

	0.25
	0.50
	+0.206
	+0.161
	+0.247
	+0.065
	+0.141

	0.25
	0.60
	+0.206
	+0.161
	+0.247
	+0.065
	+0.141


Supplementary Table S7. Local-warming-gradient sensitivity across three trend definitions, tertiles, quantiles, fold summaries, and matched block contrasts. Panels also report trend–gain associations and within-fold-centred correlations; bold marks the primary three-month block.
A. Trend periods
	Definition
	Rolling A period
	Rolling B period

	Full-record 2000–2024
	2000–2024
	2000–2024

	Fixed pre-validation 2000–2014
	2000–2014
	2000–2014

	Fold-training only
	2000–2014
	2000–2016



B. Tertile performance
	Trend definition
	Tertile
	Trend interval
	Mean trend
	Fold–cell n
	Unique cells
	DCSF MAE
	TF MAE
	Gain (°C)
	Reduction (%)
	Win fraction

	Full-record 2000–2024
	Low
	[0.101, 0.359]
	0.303
	668
	334
	1.191
	1.451
	+0.260
	17.89
	0.621

	Full-record 2000–2024
	Middle
	[0.359, 0.447]
	0.398
	666
	333
	1.190
	1.463
	+0.273
	18.68
	0.637

	Full-record 2000–2024
	High
	[0.448, 1.019]
	0.583
	668
	334
	1.275
	1.644
	+0.369
	22.46
	0.674

	Fixed pre-validation 2000–2014
	Low
	[-0.406, 0.019]
	-0.057
	668
	334
	1.205
	1.471
	+0.267
	18.13
	0.612

	Fixed pre-validation 2000–2014
	Middle
	[0.019, 0.163]
	0.093
	666
	333
	1.231
	1.538
	+0.307
	19.97
	0.639

	Fixed pre-validation 2000–2014
	High
	[0.164, 0.755]
	0.267
	668
	334
	1.221
	1.550
	+0.328
	21.19
	0.681

	Fold-training only
	Low
	[-0.406, 0.194]
	0.031
	668
	410
	1.223
	1.493
	+0.270
	18.10
	0.613

	Fold-training only
	Middle
	[0.019, 0.291]
	0.169
	666
	473
	1.223
	1.527
	+0.303
	19.87
	0.637

	Fold-training only
	High
	[0.164, 0.770]
	0.319
	668
	407
	1.210
	1.539
	+0.329
	21.36
	0.682



C. Trend–gain associations
	Trend definition
	Transition subset
	Analysis unit
	n
	Pearson r
	Mean gain (°C)

	Full-record 2000–2024
	All state-changing
	Grid cell
	1,001
	0.563
	0.301

	Full-record 2000–2024
	Warming transitions
	Grid cell
	1,001
	0.288
	0.294

	Full-record 2000–2024
	Cooling transitions
	Grid cell
	1,001
	0.564
	0.308

	Fixed pre-validation 2000–2014
	All state-changing
	Grid cell
	1,001
	0.259
	0.301

	Fixed pre-validation 2000–2014
	Warming transitions
	Grid cell
	1,001
	0.495
	0.294

	Fixed pre-validation 2000–2014
	Cooling transitions
	Grid cell
	1,001
	-0.144
	0.308

	Fold-training only
	All state-changing
	Fold–cell
	2,002
	0.425
	0.296

	Fold-training only
	Warming transitions
	Fold–cell
	2,002
	0.545
	0.294

	Fold-training only
	Cooling transitions
	Fold–cell
	2,002
	0.192
	0.301



D1. Quantile profiles — full-record 2000–2024
	Quantile
	n
	Median trend
	All: median gain
	All: mean gain
	Warm: median gain
	Warm: mean gain
	Cool: median gain
	Cool: mean gain

	1
	84
	0.245
	0.281
	0.281
	0.308
	0.294
	0.276
	0.269

	2
	83
	0.297
	0.276
	0.268
	0.294
	0.285
	0.256
	0.253

	3
	84
	0.331
	0.247
	0.244
	0.202
	0.231
	0.249
	0.257

	4
	83
	0.349
	0.224
	0.244
	0.191
	0.225
	0.261
	0.262

	5
	83
	0.368
	0.220
	0.242
	0.183
	0.208
	0.282
	0.273

	6
	84
	0.383
	0.265
	0.260
	0.236
	0.240
	0.280
	0.278

	7
	83
	0.409
	0.296
	0.288
	0.283
	0.291
	0.285
	0.285

	8
	83
	0.433
	0.313
	0.304
	0.333
	0.319
	0.296
	0.290

	9
	84
	0.466
	0.345
	0.339
	0.343
	0.355
	0.341
	0.324

	10
	83
	0.519
	0.376
	0.367
	0.354
	0.364
	0.393
	0.370

	11
	83
	0.595
	0.367
	0.363
	0.363
	0.357
	0.373
	0.369

	12
	84
	0.740
	0.430
	0.409
	0.359
	0.355
	0.447
	0.459



D2. Quantile profiles — fixed pre-validation 2000–2014
	Quantile
	n
	Median trend
	All: median gain
	All: mean gain
	Warm: median gain
	Warm: mean gain
	Cool: median gain
	Cool: mean gain

	1
	84
	-0.120
	0.309
	0.294
	0.296
	0.272
	0.324
	0.314

	2
	83
	-0.067
	0.253
	0.256
	0.183
	0.207
	0.295
	0.301

	3
	84
	-0.025
	0.220
	0.258
	0.201
	0.210
	0.286
	0.303

	4
	83
	0.002
	0.242
	0.259
	0.206
	0.210
	0.300
	0.305

	5
	83
	0.033
	0.299
	0.293
	0.245
	0.247
	0.318
	0.335

	6
	84
	0.076
	0.303
	0.297
	0.266
	0.269
	0.311
	0.323

	7
	83
	0.116
	0.339
	0.322
	0.322
	0.300
	0.346
	0.342

	8
	83
	0.149
	0.321
	0.317
	0.302
	0.300
	0.318
	0.332

	9
	84
	0.183
	0.353
	0.343
	0.346
	0.340
	0.337
	0.346

	10
	83
	0.216
	0.304
	0.318
	0.387
	0.373
	0.241
	0.267

	11
	83
	0.273
	0.295
	0.308
	0.377
	0.374
	0.210
	0.246

	12
	84
	0.358
	0.335
	0.345
	0.406
	0.420
	0.290
	0.276



D3. Quantile profiles — fold-training only
	Quantile
	n
	Median trend
	All: median gain
	All: mean gain
	Warm: median gain
	Warm: mean gain
	Cool: median gain
	Cool: mean gain

	1
	167
	-0.091
	0.200
	0.155
	0.101
	0.120
	0.183
	0.192

	2
	167
	-0.018
	0.038
	0.097
	0.054
	0.103
	0.061
	0.091

	3
	167
	0.036
	0.172
	0.186
	0.136
	0.165
	0.173
	0.209

	4
	166
	0.093
	0.271
	0.253
	0.224
	0.231
	0.262
	0.274

	5
	167
	0.135
	0.329
	0.282
	0.209
	0.227
	0.326
	0.330

	6
	167
	0.168
	0.376
	0.338
	0.260
	0.279
	0.442
	0.392

	7
	167
	0.195
	0.395
	0.371
	0.288
	0.307
	0.447
	0.429

	8
	166
	0.227
	0.380
	0.377
	0.327
	0.349
	0.376
	0.402

	9
	167
	0.262
	0.392
	0.395
	0.363
	0.390
	0.401
	0.402

	10
	167
	0.296
	0.343
	0.385
	0.461
	0.441
	0.310
	0.338

	11
	167
	0.339
	0.344
	0.357
	0.445
	0.425
	0.254
	0.301

	12
	167
	0.408
	0.354
	0.356
	0.489
	0.485
	0.247
	0.247



E. High-minus-low gain contrasts
	Trend definition
	Transition subset
	Block (months)
	High − low gain (°C)
	95% CI (°C)
	Pr(>0)

	Fixed pre-validation 2000–2014
	All state-changing
	2
	+0.062
	[-0.132, +0.229]
	0.747

	Fixed pre-validation 2000–2014
	All state-changing
	3
	+0.062
	[-0.131, +0.220]
	0.757

	Fixed pre-validation 2000–2014
	All state-changing
	6
	+0.062
	[-0.130, +0.203]
	0.753

	Fixed pre-validation 2000–2014
	Cooling transitions
	2
	-0.022
	[-0.340, +0.280]
	0.454

	Fixed pre-validation 2000–2014
	Cooling transitions
	3
	-0.022
	[-0.316, +0.267]
	0.453

	Fixed pre-validation 2000–2014
	Cooling transitions
	6
	-0.022
	[-0.276, +0.238]
	0.450

	Fixed pre-validation 2000–2014
	Warming transitions
	2
	+0.152
	[+0.044, +0.256]
	0.997

	Fixed pre-validation 2000–2014
	Warming transitions
	3
	+0.152
	[+0.059, +0.243]
	0.998

	Fixed pre-validation 2000–2014
	Warming transitions
	6
	+0.152
	[+0.069, +0.221]
	0.999

	Fold-training only
	All state-changing
	2
	+0.058
	[-0.080, +0.192]
	0.799

	Fold-training only
	All state-changing
	3
	+0.058
	[-0.068, +0.179]
	0.817

	Fold-training only
	All state-changing
	6
	+0.058
	[-0.058, +0.146]
	0.855

	Fold-training only
	Cooling transitions
	2
	-0.018
	[-0.229, +0.219]
	0.420

	Fold-training only
	Cooling transitions
	3
	-0.018
	[-0.201, +0.191]
	0.415

	Fold-training only
	Cooling transitions
	6
	-0.018
	[-0.177, +0.147]
	0.406

	Fold-training only
	Warming transitions
	2
	+0.141
	[+0.051, +0.220]
	0.998

	Fold-training only
	Warming transitions
	3
	+0.141
	[+0.059, +0.208]
	0.998

	Fold-training only
	Warming transitions
	6
	+0.141
	[+0.076, +0.193]
	1.000

	Full-record 2000–2024
	All state-changing
	2
	+0.110
	[-0.047, +0.252]
	0.920

	Full-record 2000–2024
	All state-changing
	3
	+0.110
	[-0.053, +0.248]
	0.915

	Full-record 2000–2024
	All state-changing
	6
	+0.110
	[-0.052, +0.238]
	0.917

	Full-record 2000–2024
	Cooling transitions
	2
	+0.120
	[-0.138, +0.360]
	0.828

	Full-record 2000–2024
	Cooling transitions
	3
	+0.120
	[-0.136, +0.364]
	0.824

	Full-record 2000–2024
	Cooling transitions
	6
	+0.120
	[-0.124, +0.366]
	0.829

	Full-record 2000–2024
	Warming transitions
	2
	+0.099
	[-0.019, +0.206]
	0.952

	Full-record 2000–2024
	Warming transitions
	3
	+0.099
	[-0.001, +0.190]
	0.974

	Full-record 2000–2024
	Warming transitions
	6
	+0.099
	[+0.011, +0.176]
	0.985



F. Fold-specific trend–gain associations
	Transition subset
	Fold
	Cells
	Months/cell
	Mean trend ± SD
	Mean gain ± SD
	Pearson r
	Gain–trend slope

	All state-changing
	Rolling A
	1,001
	12
	0.101 ± 0.149
	0.178 ± 0.180
	0.331
	0.398

	All state-changing
	Rolling B
	1,001
	13
	0.245 ± 0.122
	0.415 ± 0.113
	-0.064
	-0.060

	Warming transitions
	Rolling A
	1,001
	6
	0.101 ± 0.149
	0.145 ± 0.160
	0.378
	0.406

	Warming transitions
	Rolling B
	1,001
	6
	0.245 ± 0.122
	0.442 ± 0.168
	0.333
	0.460

	Cooling transitions
	Rolling A
	1,001
	6
	0.101 ± 0.149
	0.210 ± 0.240
	0.243
	0.391

	Cooling transitions
	Rolling B
	1,001
	7
	0.245 ± 0.122
	0.391 ± 0.204
	-0.301
	-0.505



G. Fold-specific tertile performance
	Transition subset
	Fold
	Tertile
	Months
	Cells
	Trend interval
	Mean trend
	DCSF MAE
	TF MAE
	Gain (°C)
	Cell-win fraction

	All state-changing
	Rolling A
	Low
	12
	334
	[-0.406, 0.019]
	-0.057
	1.353
	1.456
	+0.103
	0.562

	All state-changing
	Rolling A
	Middle
	12
	333
	[0.019, 0.164]
	0.093
	1.346
	1.503
	+0.157
	0.595

	All state-changing
	Rolling A
	High
	12
	334
	[0.164, 0.755]
	0.267
	1.288
	1.561
	+0.273
	0.680

	All state-changing
	Rolling B
	Low
	13
	334
	[-0.198, 0.195]
	0.119
	1.103
	1.528
	+0.425
	0.660

	All state-changing
	Rolling B
	Middle
	13
	333
	[0.195, 0.291]
	0.245
	1.110
	1.549
	+0.439
	0.676

	All state-changing
	Rolling B
	High
	13
	334
	[0.291, 0.770]
	0.370
	1.138
	1.519
	+0.381
	0.684

	Warming transitions
	Rolling A
	Low
	6
	334
	[-0.406, 0.019]
	-0.057
	1.611
	1.690
	+0.080
	0.528

	Warming transitions
	Rolling A
	Middle
	6
	333
	[0.019, 0.164]
	0.093
	1.623
	1.747
	+0.124
	0.581

	Warming transitions
	Rolling A
	High
	6
	334
	[0.164, 0.755]
	0.267
	1.495
	1.726
	+0.231
	0.756

	Warming transitions
	Rolling B
	Low
	6
	334
	[-0.198, 0.195]
	0.119
	1.418
	1.798
	+0.380
	0.636

	Warming transitions
	Rolling B
	Middle
	6
	333
	[0.195, 0.291]
	0.245
	1.369
	1.803
	+0.435
	0.681

	Warming transitions
	Rolling B
	High
	6
	334
	[0.291, 0.770]
	0.370
	1.332
	1.843
	+0.511
	0.759

	Cooling transitions
	Rolling A
	Low
	6
	334
	[-0.406, 0.019]
	-0.057
	1.095
	1.221
	+0.126
	0.597

	Cooling transitions
	Rolling A
	Middle
	6
	333
	[0.019, 0.164]
	0.093
	1.069
	1.258
	+0.190
	0.608

	Cooling transitions
	Rolling A
	High
	6
	334
	[0.164, 0.755]
	0.267
	1.081
	1.395
	+0.314
	0.604

	Cooling transitions
	Rolling B
	Low
	7
	334
	[-0.198, 0.195]
	0.119
	0.834
	1.297
	+0.463
	0.679

	Cooling transitions
	Rolling B
	Middle
	7
	333
	[0.195, 0.291]
	0.245
	0.889
	1.331
	+0.442
	0.671

	Cooling transitions
	Rolling B
	High
	7
	334
	[0.291, 0.770]
	0.370
	0.973
	1.241
	+0.269
	0.620



H. Within-fold-centred association
	Transition subset
	Memberships
	Unique cells
	Folds
	Pearson r

	All state-changing
	2,002
	1,001
	2
	0.195

	Warming transitions
	2,002
	1,001
	2
	0.355

	Cooling transitions
	2,002
	1,001
	2
	0.020


Supplementary Table S8. Autocorrelation-aware annual warm-footprint trend sensitivity under Hamed–Rao inference and two-, three-, and five-year residual-block intervals. Intervals use 20,000 Theil–Sen residual-block draws; bold marks the primary three-year block.
A. Hamed–Rao trend test
	Metric
	Trend / decade
	Hamed–Rao p

	Mean warm-area fraction
	+9.29 pp
	0.00545

	Annual maximum warm area
	+15.49 pp
	0.028

	Widespread-warm months
	+0.91 months
	0.015

	Regional-or-widespread-warm months
	+1.43 months
	0.012



B. Residual block-bootstrap intervals
	Metric
	Block (years)
	Trend / decade
	95% CI / decade
	Pr(slope > 0)

	Annual maximum warm area
	2
	+15.49 pp
	[1.32, 29.33] pp
	0.982

	Annual maximum warm area
	3
	+15.49 pp
	[1.94, 28.09] pp
	0.986

	Annual maximum warm area
	5
	+15.49 pp
	[2.42, 27.38] pp
	0.992

	Mean warm-area fraction
	2
	+9.29 pp
	[3.22, 15.15] pp
	0.999

	Mean warm-area fraction
	3
	+9.29 pp
	[2.72, 15.52] pp
	0.998

	Mean warm-area fraction
	5
	+9.29 pp
	[1.92, 15.93] pp
	0.996

	Regional-or-widespread-warm months
	2
	+1.43 months
	[0.29, 2.47] months
	0.993

	Regional-or-widespread-warm months
	3
	+1.43 months
	[0.17, 2.58] months
	0.986

	Regional-or-widespread-warm months
	5
	+1.43 months
	[0.00, 2.63] months
	0.977

	Widespread-warm months
	2
	+0.91 months
	[0.05, 1.68] months
	0.981

	Widespread-warm months
	3
	+0.91 months
	[0.00, 1.71] months
	0.976

	Widespread-warm months
	5
	+0.91 months
	[0.00, 1.75] months
	0.974



image1.png
Source state at month t

WC Widespread cold

RC Regional cold

NC Near-climatology

RW Regional warm

WW  Widespread warm

SP  Spatially polarized

wC

Destination state at month t + 1

RC NC RW

22

1 2

43
5
28 )

SP




