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Random forest model fitting performance
Given the limited number of observations and the discontinuous nature of float data, we could not set aside an independent validation group, unlike shipboard studies1,2. Our model performed well in reconstructing the pCO2sw magnitude and seasonality, but was less robust compared to previous RF studies that reported R2 of 0.83 and 0.95 for cross-validation1,2. This discrepancy may be due to differences in the spatial and temporal resolution of float versus shipboard measurements1,2 (Figures 1 and S5). 
We also found that the RF model performed well when using only the first four input variables (excluding TEMP), yielding a better cross-validation result of R2: 0.56 and RMSE: 21.95 μatm. However, we found a clear seasonality in the residual errors of in-situ measurements and model-derived pCO2sw (Figure S5c; the results from using the four-parameter prediction are not shown). The model's underestimates pCO2sw​ during winter and early spring (Figure S5c, d). As a result, we use the model that includes temperature as a predictive variable to minimize the seasonal impact as much as possible.
The observed discrepancies can also be attributed to the uncertainties associated with estimating surface ocean pCO2 from in-situ pH3 (up to 11 μatm) and also the potential errors that existed in the float estimated results4–7. Additionally, we averaged data from the upper 30 m to derive the mean pCO2sw. This approach was intended to include more data points, particularly when profiles were collected under ice, where fewer surface measurements are available. However, this approach may have resulted in higher in-situ measurements, further contributing to the discrepancies in Figure S5.


[image: ]
Figure S1. Comparisons of phenology timings among key biogeochemical parameters. Difference in bloom onset time from Chla (on the x-axis) against (a) nitrate (on the y-axis), (b) MLD, (c) Ig, (d) EBGP, and (e) ΔpCO2, colored by the latitude of the ice retreat. The climax and apex are in the second and third rows, respectively. 

[image: ]
Figure S2. Relationships among changes in each parameter from onset to apex. The first four panels are (a) nitrate depletion, (b) ΔpCO2 , (c) FCO2 , and (d) EBGP against the Chla biomass, colored by IRT. Bottom heat maps summarize the correlation test results (e) coefficient r and (f) significance value p. 
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Figure S3. The grazing rate for four ice retreat timing groups: (a) October, (b) November, (c) December, and (d) January. The transparent dots are the estimates from each profile and the solid dots indicate the 60-day running smooth result for the whole group. 

[image: ]
Figure S4. A case study to show the difference between early/late IRT cases, supplementary for Fig.4. The MLD is shown in the top of each panel (right y-axis). Chla time series are shown as the grey bars at the bottom, and correspond to the left y-axis. The light blue shading indicates the ice cover period, the green shading indicates the productive season, and white background indicates the OWP. 
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Figure S5. The performance of the RF model in retrieving sea surface pCO2. (a) model training group, (b) model cross-validation group, and (c) residual between the RF model derived value (algorithm applied to the whole data set, N = 797) and the in-situ measurements, colored by the seasons. (d) Difference between the RF model derived pCO2 with the in-situ pCO2 along the month.
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Figure S6. Example of phenology identification. (a) Chla, (b) EBGP, and (c) ΔpCO2 using a seasonal cycle from float (WMO ID F5905995) from 2021 to 2022. The thick grey line indicates the smoothed variable and the red line represents the rate of change (r). The onset is shown as the green dashed line, the climax with light blue, the apex with magenta, and the productive season (based on Chla) is shown as the period within the black dashed lines. 
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Figure S7. Vertical Chla concentration transect of float WMO ID 5906006.  The black line represents the MLD. The small map shows the float location


Table S1. Summary table for the average (day of year) ice retreat time, productive season, and phenology of key parameters shown in Fig.2. 
	
	Phenology Summary

	Ice Break month
	Productive season
timing
	Parameters
	Onset
	Climax
	Apex

	October

286.3 (±11.0)

	Start

270.7 (±21.5)

	End

145.3 (±26.1)

	Chla
	214.7 (±14.0)
	275.7 (±44.1)
	334.3 (±45.2)

	
	
	
	Nitrate
	278.0 (±10.0)
	359.0 (±41.3)
	70 (±33.2)

	
	
	
	MLD
	260.0 (±22.5)
	339.0 (±50.5)
	42.3 (±27.8)

	
	
	
	EBGP
	226.7 (±18.6)
	289.0 (±36.7)
	49.7 (±35.2)

	
	
	
	ΔpCO2
	236.3 (±25.1)
	329.0 (±12.2)
	3.3 (±41.6)

	
	
	
	FCO2
	235.0 (±27.4)
	355.7 (±50.2)
	20.0 (±55.7)

	November

328 (±7.9)

	Start

303.3 (±19.6)

	End

126.0 (±56.2)

	Chla
	220.3 (±14.6)
	311.7 (±15.3)
	5.3 (±12.1)

	
	
	
	Nitrate
	282.7 (±13.2)
	358.3 (±18.8)
	36.7 (±9.9)

	
	
	
	MLD
	238.3 (±23.5)
	328.3 (±33.2)
	7.0 (±14.9)

	
	
	
	EBGP
	240.0 (±35.4)
	311.7 (±17.2)
	48.0 (±20.2)

	
	
	
	ΔpCO2
	273.0 (±13.7)
	355.0 (±21.0)
	5.3 (±18.8)

	
	
	
	FCO2
	251.7 (±37.2)
	338.3 (±9.7)
	11.0 (±18.5)

	December

355.1 (±7.5)

	Start

330.4 (±15.4)

	End

119.3 (±33.7)

	Chla
	240.4 (±10.6)
	340.8 (±16.8)
	38.5 (±25.3)

	
	
	
	Nitrate
	305.0 (±14.0)
	8.7 (±25.3)
	59.7 (±24.5)

	
	
	
	MLD
	267.0 (±23.8)
	347.1 (±10.7)
	8.7 (±10.5)

	
	
	
	EBGP
	i6 (±18.6)
	344.1 (±32.8)
	39.5 (±24.1)

	
	
	
	ΔpCO2
	296.4 (±21.1)
	24.7 (±27.9)
	43.7 (±27.4)

	
	
	
	FCO2
	299.2 (±27.3)
	22.1 (±26.4)
	51.3 (±28.9)

	January

9.8 (±11.6)

	Start

346.0 (±13.4)

	End

119.3 (±23.5)

	Chla
	236.6 (±12.3)
	357.8 (±23.4)
	56.1 (±16.5)

	
	
	
	Nitrate
	315.5 (±12.9)
	20.3 (±18.9)
	65.1 (±13.3)

	
	
	
	MLD
	263.4 (±24.9)
	362.8 (±8.9)
	24.6 (±12.7)

	
	
	
	EBGP
	300.8 (±29.3)
	349.0 (±17.9)
	60.5 (±19.0)

	
	
	
	ΔpCO2
	324.1 (±16.1)
	39.0 (±18.2)
	57.8 (±11.3)

	
	
	
	FCO2
	325.6 (±19.5)
	39.0 (±32.0)
	67.8 (±18.6)



Table S2. Results of sensitivity analysis of the ratio to convert ΔNO3- to POC. 
	
	ΔNO3- to POC ratio (N:C)
	Mean grazing rate (mgC m-2 d-1)

	Redfield et al. (1963)
	106/16
	120.9

	Anderson and Sarmiento. (1994)
	117/16
	135.0

	Coale et al. (2004)
	110/19
	105.3
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