Text S1  Mass and energy budget in the North Pit Hole on September 23, 2021
We estimate the HDR of volcanic gas injected into the floor of the North Pit Hole (NP) hosting hot water on September 23, 2021, using a box model of the mass and energy balance of the water in the crater. We employed the procedure proposed by Terada et al. (2012) for all calculations presented here. Total heat flux of a crater lake (W/m2) consists of three forms; evaporative heat flux from the water surface , convective heat flux , and radiant heat flux ;



The evaporative heat is expressed as a sum of free and forced convection terms (Ryan et al. 1974):



The definitions of each model parameter and constant are presented in Table S2. The convective heat depends on the evaporative heat and ambient air parameters:



The net radiant heat of a crater lake is defined as:



where  is the radiance of the hot water surface,  is the short-wavelength solar radiance, and  is the long-wavelength ambient air radiance. To calculate , the area of the hot water surface in the pit hole is required. Although we did not accurately measure the surface area on September 23, 2021, we measured the area using UAS-based photogrammetry. Here we assumed no change in the surface area from September 9 to 23 and used the area measured on September 9 to calculate the heat flux on September 23. The temperature of the hot water surface on September 23 was 72 ℃ without any correction (default parameter setting of FLIR Systems’ camera), 82 ℃ with the correction proposed by Yokoo and Ishii (2021), and 89 ℃ with the correction of the temperature difference (7 ℃) between XT2 and G120EX. Calculation of Eq. (S1) to (S4) using these parameters (Table S2) yields  of 17–22 kW/m2 where  = 15.6-20.0 kW/m2,  = 0.8-1.0 kW/m2, and  = 0.5 kW/m2. Multiplying by the surface area  of 1,800 m2, we obtained the HDR from the hot water in the pit hole of 30–39 MW. Using these estimates, we can estimate HDR of volcanic gas injected into the pit crater bottom based on the mass and energy balance in the crater. Following Terada et al. (2012), in a steady state where temporal changes in the water level and temperature in the pit hole are negligible, the mass and energy balance can be expressed as:



and 


In Eq. (S5),  is mass flux of volcanic gas injected into the pit hole bottom (kg/s). The first, second, and third terms on the right-hand side of Eq. (S5) correspond to mass fluxes of evaporative outflow, seepage outflow, and meteoric water inflow, respectively. In Eq. (S6),  is specific enthalpy of volcanic gas and  corresponds to HDR of the injected volcanic gas. The first, second, and third terms on the right-hand side of Eq. (S6) correspond to evaporative heat loss, seepage heat loss, and heat inflow of meteoric water, respectively. From calculation of Eqs. (S5) and (S6) based on the parameter values in Table S2, = 8-25 kg/s,  = 1600-3900 kJ/kg (not uniquelywell constrained), and HDR of the injected volcanic gas is estimated to be 32-42 MW. This is only 10 % of the total HDR of plumes from the 191 vent and the southern wall of the pit hole (~ 400 MW).

Text S2  Relationship between gas composition changes and thermal activity
We interpret temporal changes in gas composition (CO2/SO2, SO2/H2S and CO2/H2O) observed by the Mutli-GAS instrument to infer the contribution of magma to the surface thermal activity. 
CO2/SO2 tends to increase from 2.1–3.7 in August to December 2020 to 2.9–8.7 in March-July 2021 (Fig. 9a). This composition range is consistent with the compositions of the SF gas and plume gas during ash eruptions (Mori and Notsu 2008; Shinohara et al. 2018). If we follow the previously proposed interpretations, this consistency suggests a large contribution of magmatic gas. On the other hand, SO2/H2S tends to be low from August 2020 to July 2021 (Fig. 9a), ranging from 4 to 30, although a temporary increase was observed in April-June 2021 (20-40). This is the same range as that of lake gas during the period with a dried-up crater lake, implying a large contribution of magmatic gas (Shinohara et al. 2013, 2018). However, as mentioned before (‘Validation of the H2O flux through comparison with gas observations’ in Discussion), it is unlikely that the continuous Multi-GAS records only the SF gas and probably reflects the composition of the crater floor gas. Furthermore, if this low SO2/H2S reflects the typical gas composition during the lake-dried-up period, it should have a low CO2/SO2 (<1), similar to that of the SF gas (Shinohara et al. 2013, 2018). However, since CO2/SO2 shows higher values, this is not a typical composition during the past dried-up period. H2O/SO2 during Phases 2-3 is around 100 (Fig. 8a), much more water-rich than the magmatic gas-rich composition of 30-60 (Shinohara et al. 2018). Additionally, CO2/H2O decreased from phase 2 to 3, indicating a decreasing contribution of magmatic gas. Considering these situations and the low maximal plume temperatures of < 120 ℃ (Fig. 6c), it is unlikely that the contribution of magmatic gas increased from Phase 2 to 3. Moreover, the SO2 flux in Phase 3 is as low as 300-500 t/d (Fig. 9b), which is unusually small since the onset of a series of the 2014-2016 and 2019-2020 eruption. The small magmatic gas contribution with a low SO2 flux and high CO2/SO2 implies the involvement of SO2 gas scrubbing (e.g., 3SO2 (gas) + 2H2O(aq) = 2H2SO4(aq) + S(e) or 4SO2 (gas) + 4H2O(aq) = 3H2SO4(aq) + H2S(gas)) in a shallow hydrothermal system, as suggested in many volcanoes (e.g., Christensen et al. 2010; de Moor et al. 2019; Stix and de Moore 2018). The SO2 scrubbing should produce more H2O-rich and SO2-poor gas. In fact, H2O/SO2 increased from 30-100 in January-March 2021 to 100-200 in April-June 2021 (Fig. 8b). Although no or little water was present in the crater floor in Phases 2 and 3, liquid water at a shallow depth of the crater might increase during these periods, which led to the progress of the SO2 scrubbing. This idea is consistent with the fact that the plume heat discharge rate also decreased by about 30% from phase 2 to 3, which could reduce the amount of boiling groundwater and promote the rise of the groundwater level. In fact, the water surface in the NP and 191 vent rose from August to early October 2021 (see ‘Recent activity of Aso volcano’ in the main text). At the run-up stage of the Poas 2017 eruption, sulfur precipitation by SO2 scrubbing is essential for the formation of the hydrothermal seal and is quantitatively assessed (de Moor et al. 2019). The possibility of the scrubbing-induced seal formation is not excluded in the case of the Aso 2021 eruption, but its quantitative contribution is not constrained here.
On the UAS-based observation for the post-eruptive period (January 12, 2021), CO2/SO2 decreased to two, while CO2/H2O increased from 0.02 to 0.07, indicating a more magmatic composition (Fig. 9a). This is consistent with the significant increases in SO2 flux after the eruption; SO2 flux increased from 300-600 t/d to 2000-5000 t/d, from Phase 3 to 4. The magnitude of these SO2 emissions is comparable to that of the 2014-2015 and 2019-2020 eruptions, suggesting active degassing from magma emplaced at a shallow depth. Note that since the gas observation was made on the south side of the Nakadake crater during northerly winds, we cannot rule out the possibility that the recorded gas composition was that of the mixture of the CC and SF gases.
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Table S1  Parameters for material balance calculation of hot water in the North Pit Hole 
	Parameter
	Definition, value, unit
	Note

	b
	Empirical constant, 0.032 W s m-3 Pa-1
	

	C
	Bowen constant, 61
	

	cw
	Specific heat of water, 4 kJ kg-1 K-1
	

	es
	Saturation vapor pressure, Pa
	Based on the equation of Koutsoyiannis (2012)

	ea
	Vapor pressure of ambient air, Pa
	

	L
	Latent heat of water vapor, 2300 kJ/kg
	

	mb
	Seepage flux, 10 kg/s
	Calculated from an empirical relation between equivalent lake volume (54,000 m3) and seepage flux, as suggested in Terada et al. 2012.

	p
	Precipitation, 4-30 mm/day
	Records at Aso-Otohime meteorological station of JMA

	Rsun
	Radiance of Sun, 115 W/m2
	Terada et al. (2012)

	Ratm
	Radiance of atmosphere, 370 W/m2
	

	Rlake
	Radiance of lake surface, 875 W/m2
	

	S
	Lake surface area, 1800 m2
	Measurement on Sep. 9, 2021

	Sc
	Catchment area, 100×100 - 200×200 m2
	

	Ta
	Ambient air temperature, 25 ℃
	Records at Hondo station 

	Ts
	Lake surface temperature, 89 (82) ℃ 
	Value after temperature offset correction (before)

	Tva
	Virtual temperature of ambient air, ℃
	

	Tvs
	Virtual temperature of lake water, ℃
	

	u
	Wind velocity on lake surface, 0.9-2.7 m/s
	Records at Hondo station

	λ
	Empirical constant, 0.027 W m-2 Pa-1 K-1/3
	




Table S2  Temperature of Yudamari lake in 2022
	Date
	Camera
	T (℃)1

	04/03/2022
	G120EX
	84±4

	16/03/2022
	XT2
	71±2

	25/03/2022
	G120EX
	78±3

	22/04/2022
	G120EX
	71±2

	17/05/2022
	G120EX
	76±4

	03/08/2022
	G120EX
	86±2

	28/08/2022
	G120EX
	86±2

	30/08/2022
	XT2
	79±2


The temperature difference between G120EX and XT2 (7-11 ℃) was calculated from the measurements in March and August. The difference in March was calculated by the XT2-based value on March 16 and the G120EX-based values on March 4 and 25. The difference in August was calculated by the XT2-based value on August 30 and the G120EX-based value on August 28.
1 To remove the effect of low-temperature condensed droplets masking the lake surface, lake temperatures are obtained as follows; calculate a temporal maximal temperature at each pixel of the lake surface (Hashimoto et al. 2018), and then extract the top 10 % values from profile lines along the temperature field of temporal maximum. Note that before the extraction, we discarded pixels with hot fumarolic emission ( >100 ℃).

Table S3  Parameter setting of Farnebäck optical flow
	Parameter
	Value

	pyr_scale
	0.5

	levels
	4

	window size
	15, 20, 25

	iterations
	10

	poly_n
	5

	poly_sigma
	1.1

	flags
	OPTICALFLOW_FARNEBACK_GAUSSIAN


Refer to Farnebäck (2003) and Peters et al. (2015) for explanations of an individual parameter. The above setting is almost identical to Peters et al. (2015) and Griß et al. (2018). 

Table S4  Estimated results and observation information
	Date
dd/mm/yyyy
	Site1
	Camera2
	HDR (MW)3
	Mass (kt/d)3
	Plume source4 
	Observation time

	13/05/2020
	S
	V
	2998 ± 2302
	94.69 ± 73.79
	191
	daytime

	22/05/2020
	S
	V
	2375 ± 795
	75.17 ± 25.49
	191
	daytime

	27/05/2020
	B
	G
	2180 ± 430
	69.09 ± 13.59
	191
	daytime

	08/06/2020
	B
	G
	3130 ± 406
	97.53 ± 12.65
	191
	daytime

	16/06/2020
	B
	G
	704 ± 91
	22.34 ± 2.86
	191
	daytime

	31/07/2020
	A, B
	G
	568 ± 111
	18.05 ± 3.53
	191
	daytime

	29/09/2020
	B
	G
	565 ± 90
	17.95 ± 2.86
	191
	night

	15/10/2020
	B
	G
	600 ± 69
	18.68 ± 2.25
	191
	night

	26/10/2020
	B
	G
	611 ± 77
	19.70 ± 2.44
	191
	night

	04/11/2020
	B
S
	G
V
	582 ± 58
995 ± 493 
	18.76 ± 1.86
31.80 ± 15.81
	191
191
	night
daytime

	05/11/2020
	S
	V
	712 ± 534
	22.90 ± 17.19
	191
	daytime

	09/11/2020
	S
	V
	1407 ± 289
	45.19 ± 9.24
	191
	daytime

	15/11/2020
	S
	V
	571 ± 353
	18.30 ± 11.30
	191
	daytime

	01/12/2020
	S
	V
	427 ± 236
	13.70 ± 7.54
	191
	daytime

	06/12/2020
	S
	V
	755 ± 544
	24.20 ± 17.40
	191
	daytime

	09/12/2020
	B
S
	G
V
	648 ± 58
761 ± 252
	20.62 ± 1.70
24.50 ± 8.12
	191
191
	night
daytime

	23/12/2020
	B
	G
	690 ± 54
	21.96 ± 2.88
	191
	night

	14/01/2021
	S
	V
	422 ± 242
	13.50 ± 7.75
	191
	daytime

	20/01/2021
	W
	G
	359 ± 46
	11.58 ± 1.48
	191
	night

	03/02/2021
	S
	V
	324 ± 186
	10.40 ± 5.96
	191
	daytime

	12/02/2021
	S
	V
	463 ± 124
	14.80 ± 3.98
	191
	daytime

	24/02/2021
	B, W
	G
	357 ± 33
	11.45 ± 1.05
	191
	daytime, night

	25/02/2021
	W
	G
	403 ± 63
	13.01 ± 2.02
	191
	dawn

	23/03/2021
	B
	G
	358 ± 48
	11.54 ± 1.53
	191
	night

	047/04/202
	B, W
	G
	422 ± 38
	13.59 ± 1.22
	191
	night, night

	21/04/2021
	B, W
	G
	418 ± 38
	13.51 ± 1.23
	191
	night, night

	06/05/2021
	A, W
	G
	515 ± 34
	16.65 ± 1.08
	191
	night, night

	19/05/2021
	W
	G
	357 ± 62
	11.56 ± 1.98
	191
	night

	29/05/2021
	A, B
	G
	279 ± 24
	9.05 ± 0.77
	191
	night, night

	01/06/2021
	W
	G
	495 ± 35
	15.98 ± 1.13
	191
	night

	23/06/2021
	A
	G
	504 ± 36
	16.56 ± 1.16
	191
	daytime

	24/09/2021
	A, W
	G
	81 ± 11
	2.66 ± 0.35
	191
	night, night

	
	-
	X
	134 ± 18
	4.34 ± 0.58
	191
	night

	
	-
	X
	299 ± 27
	9.68 ± 0.88
	N 
	night

	
	
	X + G
	380 ± 29
	12.33 ± 0.95
	191 and N
	night

	
	
	X + X
	433 ± 33
	14.02 ± 1.06
	191 and N
	night

	14/10/2021
	S
	V
	788 ± 444
	25.19 ± 14.19
	191 and/or N
	daytime

	15/10/2021
	A
	G
	1188 ± 105
	37.80 ± 3.34
	191
	daytime

	19/10/2021
	S
	V
	3950 ± 1340
	126.66 ± 42.94
	191 and/or N
	daytime

	20/10/2021
	S
	V
	3070 ± 1370
	98.11 ± 43.74
	CC
	daytime

	28/10/2021
	K
	V
	1730 ± 661
	55.56 ± 21.25
	CC
	daytime

	28/11/2021
	S
	V
	2590 ± 1100
	83.00 ± 35.04
	CC
	daytime

	29/11/2021
	S
	V
	919 ± 482
	29.38 ± 15.38
	CC
	daytime

	09/12/2021
	S
	V
	844 ± 398
	27.00 ± 12.70
	CC
	daytime

	11/12/2021
	S
	V
	945 ± 653
	30.20 ± 20.90
	CC
	daytime

	15/12/2021
	S
	V
	1060 ± 461
	32.20 ± 11.90
	CC
	daytime

	12/01/2022
	P
	V
	1280 ± 420
	41.09 ± 13.50
	CC
	daytime

	18/02/2022
	K
	V
	1198 ± 573
	38.45 ± 18.40
	CC
	daytime

	24/02/2022
	K
	V
	2430 ± 1790
	77.85 ± 57.20
	CC
	daytime


1 Camera site names. Their locations are shown in Fig. 1.
2 X: XT2 camera. G: G120EX camera. V: Visible camera.
3 Error values correspond to standard deviations.
4 191: the 191 vent. N: the North pit hole. CC: the crater center (after the October 20, 2021 eruption).
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Figure S1 Summary of the aerial observation on January 12, 2022. (a) Location map of the UAS observation. After checking the wind direction (the black arrow), the UAS moved to the hovering point, perpendicular to the wind direction. (b) Flight view over the crater, as shown in an inset in (a). From a yaw angle of a UAS camera (clockwise from north), the wind direction was estimated to be 286 degrees (WNW).
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Figure S2 The dependency of estimated HDR on September 23, 2021 on temperature correction of a plume taken by XT2 camera on September 23, 2021. Horizontal ticks in violin plots indicate 25 and 75 % percentiles. (a) Comparison of total HDR of the NP- and 191-vent-plumes, depending on the temperature correction (Tcor) of 7, 9, and 11 ℃ (Table S2). The blue violin plots correspond to the sum of  HDR of the NP-plume (estimated by XT2) and the 191-vent-plume HDR (estimated by XT2). The red violin plots correspond to the sum of HDR of the NP-plume (estimated by XT2) and the 191-vent-plume HDR (estimated by G120EX). (b) A violin plot derived from all HDR values in (a). Total HDR ranges from 400 to 600 MW over the temperature correction of 7-11 ℃, referring to 25-75 % percentiles.
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