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Supplementary Table 1. Simulated changes in the warm-season water budget of the UCRB due to extreme PJS shifts (units: km³). Percentage changes relative to the 1981–2021 mean are shown in parentheses. The neutral year is 1993. Because forcing is replaced only in March, warm-season precipitation changes are zero.
	Variable
	1981–2021
mean
	All forcing
changes
	Temperature
changes only
	Precipitation
changes only

	Precipitation
	32.46 ± 9.80
	0
	0
	0

	Runoff
	13.69 ± 5.52
	−3.19 ± 0.44
(−23.3 ± 3.2%)
	−0.35 ± 0.15
	−2.65 ± 0.43

	ET
	50.72 ± 7.38
	−2.28 ± 1.19
(−4.5 ± 2.3%)
	−0.28 ± 0.09
	−1.71 ± 0.97

	May 1 SWE
	12.49 ± 6.50
	−4.16 ± 1.21
(−33.3 ± 9.7%)
	−0.61 ± 0.31
	−3.35 ± 1.04




Supplementary Table 2. Same as Supplementary Table 1, but the neutral year is 2021. 
	Variable
	1981–2021
mean
	All forcing
changes
	Temperature
changes only
	Precipitation
changes only

	Precipitation
	32.46 ± 9.80
	0
	0
	0

	Runoff
	13.69 ± 5.52
	−1.73 ± 0.41
(−12.6 ± 3.0%)
	−0.73 ± 0.22
	−1.00 ± 0.43

	ET
	50.72 ± 7.38
	−1.52 ± 1.02
(−3.0 ± 2.0%)
	−0.50 ± 0.18
	−1.06 ± 0.78

	May 1 SWE
	12.49 ± 6.50
	−2.40 ± 1.00
(−19.2 ± 8.0%)
	−1.24 ± 0.55
	−1.28 ± 0.71




Supplementary Table 3. Unadjusted and partial correlations between March PJSL and UCRB-mean March temperature, precipitation, and SWEA. Partial correlations control separately for ENSO, PDO, and AO. Temperature and precipitation analyses span 1981–2024 (n = 44); the SWEA analysis spans 1982–2023 (n = 42).
	Variable
	Unadjusted r
	Partial r, controlling for ENSO
	Partial r, controlling for PDO
	Partial r, controlling for AO

	Temperature
	0.47 (p < 0.01)
	0.48 (p < 0.01)
	0.51 (p < 0.01)
	0.40 (p < 0.01)

	Precipitation
	−0.31 (p = 0.04)
	−0.26 (p = 0.10)
	−0.29 (p = 0.05)
	−0.32 (p = 0.04)

	SWEA
	−0.53 (p < 0.01)
	−0.53 (p < 0.01)
	−0.55 (p < 0.01)
	−0.49 (p < 0.01)




Supplementary Table 4. March PJSL projections from 13 CMIP6 model runs under SSP585. Linear trends are calculated over 1979–2100, and mean differences are calculated as 2061–2100 minus 1981–2020. Extreme years are defined as years in which March PJSL exceeds the run-specific 90th percentile calculated over 1979–2025; counts are reported for 1981–2020 and 2061–2100, respectively. Statistical significance is defined as p < 0.10.
	Model run
	Linear trend (°N per decade)
	Mean difference (°N)
	Extreme-year count, 1981–2020/2061–2100

	ACCESS-CM2_r5i1p1f1
	−0.01 (p = 0.82)
	−0.31 (p = 0.48)
	4/4

	CanESM5_r1i1p2f1
	0.11 (p = 0.17)
	1.12 (p = 0.15)
	1/1

	CESM2_r11i1p1f1
	−0.44 (p = 0.01)
	−4.10 (p = 0.01)
	5/2

	CNRM-ESM2–1_r1i1p1f2
	−0.02 (p = 0.83)
	−0.21 (p = 0.78)
	3/3

	EC-Earth3_r1i1p1f1
	0.20 (p = 0.07)
	1.81 (p = 0.05)
	3/11

	EC-Earth3-Veg_r1i1p1f1
	0.02 (p = 0.86)
	−0.23 (p = 0.84)
	5/4

	FGOALS-g3_r1i1p1f1
	−0.21 (p = 0.03)
	−2.18 (p = 0.03)
	4/1

	GISS-E2–1-G_r1i1p1f2
	0.11 (p = 0.18)
	0.35 (p = 0.63)
	5/2

	MPI-ESM1–2-HR_r3i1p1f1
	−0.14 (p = 0.08)
	−1.73 (p = 0.02)
	5/1

	MPI-ESM1–2-LR_r7i1p1f1
	0.02 (p = 0.86)
	−0.47 (p = 0.64)
	2/3

	NorESM2-MM_r1i1p1f1
	−0.25 (p = 0.20)
	−2.38 (p = 0.19)
	5/4

	TaiESM1_r1i1p1f1
	−0.14 (p = 0.37)
	−1.60 (p = 0.28)
	4/0

	UKESM1–0-LL_r2i1p1f2
	−0.22 (p = 0.04)
	−1.41 (p = 0.14)
	4/2

	Summary
	5 of 13 runs show northward trends;
1 is significant
	3 of 13 runs show
northward mean shifts; 1 is significant
	2 of 13 runs show increases, 8 show decreases, and 3 show no change




Supplementary Table 5. Same as supplementary Table 4, but for the SSP370 scenario.
	Model run
	Linear trend (°N per decade)
	Mean difference (°N)
	Extreme-year count, 1981–2020/2061–2100

	ACCESS-CM2_r5i1p1f1
	0.14 (p = 0.03)
	1.12 (p = 0.06)
	3/5

	CanESM5_r1i1p2f1
	0.14 (p = 0.16)
	1.47 (p = 0.11)
	1/3

	CESM2_r11i1p1f1
	−0.44 (p = 0.02)
	−4.12 (p = 0.03)
	5/2

	CNRM-ESM2–1_r1i1p1f2
	−0.16 (p = 0.09)
	−1.19 (p = 0.13)
	4/2

	EC-Earth3_r1i1p1f1
	0.15 (p = 0.20)
	1.18 (p = 0.23)
	4/11

	EC-Earth3-Veg_r1i1p1f1
	0.11 (p = 0.44)
	0.42 (p = 0.74)
	5/5

	FGOALS-g3_r1i1p1f1
	−0.27 (p = 0.01)
	−2.73 (p < 0.01)
	4/0

	GISS-E2–1-G_r1i1p1f2
	0.07 (p = 0.35)
	0.25 (p = 0.72)
	1/0

	MPI-ESM1–2-HR_r3i1p1f1
	−0.11 (p = 0.17)
	−1.07 (p = 0.14)
	5/1

	MPI-ESM1–2-LR_r7i1p1f1
	−0.02 (p = 0.86)
	0.28 (p = 0.78)
	5/1

	NorESM2-MM_r1i1p1f1
	−0.01 (p = 0.97)
	−0.28 (p = 0.88)
	4/4

	TaiESM1_r1i1p1f1
	−0.27 (p = 0.10)
	−2.31 (p = 0.13)
	4/1

	UKESM1–0-LL_r2i1p1f2
	−0.03 (p = 0.76)
	−0.16 (p = 0.89)
	4/4

	Summary
	5 out of 13 runs show northward trends;
1 is significant
	6 out of 13 runs show
northward mean shifts; 1 is significant
	4 out of 13 runs show increases, 6 show decreases, and 3 show no change





Supplementary Table 6. CMIP6 model runs analyzed in this study.
	Model
	Variant
	Center
	Resolution

	ACCESS-CM21
	r5i1p1f1
	Commonwealth Scientific and Industrial Research Organization
	1.25 ° × 1.25 °

	CanESM52
	r1i1p2f1
	Canadian Climate Center
	2.8 ° × 2.8 °

	CESM23
	r11i1p1f1
	National Center for Atmospheric Research
	0.94 ° × 1.25 °

	CNRM-ESM2–14
	r1i1p1f2
	Centre Européen de Recherche et de Formation Avancée en Calcul Scientifique
	1.4 ° × 1.4 °

	EC-Earth35
	r1i1p1f1
	EC-Earth Consortium
	0.7 ° × 0.7 °

	EC-Earth3-Veg5
	r1i1p1f1
	EC-Earth Consortium
	0.7 ° × 0.7 °

	FGOALS-g36
	r1i1p1f1
	Chinese Academy of Sciences
	2 °×2 °

	GISS-E2–1-G7
	r1i1p1f2
	National Aeronautic and Space Administration
	2 ° × 2.5 °

	MPI-ESM1–2-HR8
	r3i1p1f1
	Max Planck Institute
	0.94 ° × 0.94 °

	MPI-ESM1–2-LR9
	r7i1p1f1
	Max Planck Institute
	1.9 ° × 1.9 °

	NorESM2-MM10
	r1i1p1f1
	NorESM Climate modeling Consortium
	0.94 ° × 1.25 °

	TaiESM111
	r1i1p1f1
	Research Center for Environmental Changes
	0.94 ° × 1.25 °

	UKESM1–0-LL12
	r2i1p1f2
	Met Office Hadley Centre
	1.25 ° × 1.25 °



Supplementary Table 7. Highest-ranked neutral-year candidates. Here, 
 denotes the three-dimensional Euclidean distance in standardized space; the remaining columns report z scores of March PJSL, UCRB-mean March temperature, and UCRB-mean March precipitation.
	Year
	
	
	
	

	2014
	0.67
	0.04
	0.38
	−0.31

	1993
	0.71
	−0.52
	0.06
	0.42

	2021
	0.75
	−0.24
	−0.43
	0.00
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Supplementary Figure 1. Noah-MP model configuration. (a) Model domain (gray shading) and the UCRB boundary (blue outline). Spatial distribution of (b) main vegetation types, (c) elevation (m), and (d) soil types within the UCRB.
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Supplementary Figure 2. Time series of monthly SWE for the UCRB and its main vegetation types during 1982–2021 from the UA SWE product (gray solid line) and the Noah-MP model (blue dashed line). The KGE, correlation coefficient (r), and relative mean bias are shown.
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Supplementary Figure 3. Mean annual cycles of monthly SWE for the UCRB and the main vegetation types, based on 1982–2021 data from the UA SWE product (gray solid line) and the Noah-MP model (blue dashed line). The KGE, correlation coefficient (r), and relative mean bias are shown. Shading indicates ±1 standard deviation across grid cells.


[image: ]
Supplementary Figure 4. Time series of monthly runoff averaged over the UCRB and four of the eight subbasins (1401, 1402, 1403, and 1404) for 1981–2021 from the USGS runoff product (gray solid line) and the Noah-MP model (blue dashed line). The KGE, correlation coefficient (r), and relative mean bias are shown.
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Supplementary Figure 5. Time series of monthly runoff averaged over UCRB subbasins 1405, 1406, 1407, and 1408 for 1981–2021 from the USGS runoff product (gray solid line) and the Noah-MP model (blue dashed line). The KGE, correlation coefficient (r), and relative mean bias are shown.
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Supplementary Figure 6. Mean annual cycle of monthly runoff averaged over the UCRB and each of the eight subbasins for 1981–2021 from the USGS runoff product (gray solid line) and the Noah-MP model (blue dashed line). The KGE, correlation coefficient (r), and relative mean bias are shown. Shading indicates ±1 standard deviation across model grid cells.
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