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Response to reviewers

We sincerely thank the editor and the reviewers for their careful evaluation of our previous submission and for their constructive and insightful comments. The previous submission received a Major Revision decision but was subsequently closed as an Open Reject because we were unable to complete the revision within the revision period. We now submit the manuscript as a new submission after substantially revising it in response to the editor’s and reviewers’ comments.

We believe that the revisions have improved the clarity, balance, and overall quality of the paper. All reviewer comments are reproduced below, followed by our point-by-point responses. Changes in the revised manuscript are indicated in red text. Line numbers refer to the revised manuscript.


Response to Reviewer #1

Review of “Long-term seismic background level variations reveal volcanic fluid supply and serve as a sensitive indicator for volcano monitoring at Kusatsu-Shirane volcano, Japan” by Kobayashi et al. Kobayashi et al. calculate the Seismic Background Level (SBL) from approximately 20 years of continuous seismic records around the Yugama crater of Kusatsu-Shirane volcano, and discuss the state changes of the shallow hydrothermal system based on its correspondence with the 2014 and 2018 unrest episodes and ground deformation. The study is novel in its systematic extraction of subtle volcanic signals from long-term data and its aim to apply them as monitoring indicators. The approach combining long-term SBL variations, interstation SBL ratios, and polarization analysis is interesting. However, while the analysis primarily shows temporal correspondence between SBL and ground deformation/seismic activitiy in time series, the title, abstract, and conclusions assert definitively that SBL “reveals” volcanic fluid supply from deeper to shallower regions, overstating what the analysis results can support. In addition, there are deficiencies in the evaluation of methodological validity and uncertainties, including the lack of quantitative criteria for SBL trend determination and period classification, and the failure to consider the effects of borehole station installation depths on Rayleigh wave characteristics in the target frequency band. The claims should be revised to a level commensurate with what the analysis results can support, and the methodological foundations should be strengthened.

General response:
We sincerely thank the reviewer for the careful and constructive evaluation of our manuscript. We agree that the original manuscript overstated the interpretation of the SBL variations, particularly regarding volcanic fluid supply from deeper to shallower regions. In the revised manuscript, we have substantially toned down the title, Abstract, Discussion, and Conclusions so that the claims are more consistent with what the observations can support.
Specifically, we revised the manuscript to describe the SBL variations as being temporally associated with volcanic unrest and as possibly reflecting changes in the shallow hydrothermal system, rather than as direct evidence that uniquely reveals deep-to-shallow volcanic fluid supply. We also revised the manuscript to make the methodological assumptions and limitations clearer. Specifically, we added a quantitative assessment of SBL trends within the predefined periods, explicitly stated how the period classification was made, examined the sensitivity of the SBL results to the choice of frequency band and reference period, and added notes on possible uncertainties related to wavefield composition, borehole installation depths, and the interpretation of polarization analysis.
Accordingly, the polarization analysis and normalized SBL ratio analysis are now presented more cautiously as providing qualitative and preliminary constraints, rather than as definitive evidence for source migration. These revisions are described in detail in our responses to the individual comments below. In addition, we changed the term “normalized SBL ratio” to “SBL ratio” throughout the revised manuscript, without changing its definition or calculation method.

Major comments
[Comment 1]
It is questionable whether the central interpretation of this paper—fluid supply from deeper to shallower regions—is fully supported by the results. The main conclusion of this paper is that SBL increases correspond to inflation of deep and shallow deformation sources, reflecting the supply of volcanic fluids. However, what is shown in the text is primarily temporal consistency, and it does not amount to a unique demonstration of causal relationships. Moreover, the authors themselves acknowledge that shallow deformation data are sparse, limiting detailed comparison, and that the areal strain after 2011 retains the influence of postseismic deformation from the Tohoku-oki earthquake. Therefore, “reveal volcanic fluid supply” in the title, abstract, and conclusions is an overstatement under the current evidence. Expressions should be revised to match the level of inference, such as “suggest,” “are consistent with,” or “may reflect.”

Response:
We thank the reviewer for this important comment. We agree that the expression “reveal volcanic fluid supply” in the title, Abstract, and Conclusions was too strong given the evidence presented in this study.
We have therefore revised the title, Abstract, Conclusions, and relevant parts of the main text to make the level of inference more appropriate.
Specifically, we replaced strong expressions such as “reveal” and “demonstrate” with more cautious wording such as “are consistent with,” “suggest,” “may reflect.”

[Comment 2]
The authors adopt the 3.5–7.0 Hz band following the precedent of Ichihara et al. (2023) at Kirishima. According to the Supplementary Information, KSHA had narrowband noise around 3 Hz before the seismometer replacement, and after replacement, the characteristic ~3 Hz component of the 2014 unrest falls outside the integration band, so the SBL increase in 2014 is explicitly noted to be underestimated. The authors state that the temporal trends and the relative relationship between 2014 and 2018 remain unchanged, but this concerns the very core comparisons of this paper. Rather than relegating this to supplementary materials, this point should be explicitly stated in the main text, and a sensitivity analysis should be brought to the forefront to demonstrate how robust the main results (long-term SBL trends, comparison of 2014/2018, interpretation of inter-station ratios) are with respect to the choice of the lower frequency bound.

Response:
We thank the reviewer for this insightful and important comment.
We added a new subsection entitled “Adaptation of frequency band” under Section 3.2, together with a new figure (Fig. 4). Specifically, we compared the results obtained using 3.0–7.0 Hz and 3.5–7.0 Hz, and confirmed that (1) although the influence of noise is evident in the absolute amplitudes, the overall temporal variations of the SBL throughout the entire observation period remain similar, and (2) for the period after 2014, the relative magnitudes of the SBL peaks associated with the 2014 and 2018 unrests are preserved. 
In addition, by comparing the results obtained using 3.5–7.0 Hz and 4.0–7.0 Hz, we confirmed that there is no significant leakage of the noise component above 3.5 Hz.
These results demonstrate that the main conclusions of this study, including the long-term SBL trends, the comparison between the 2014 and 2018 unrests, and the interpretation of inter-station SBL ratios, are not sensitive to the choice of the lower frequency bound.
Furthermore, a more comparison including other stations is provided in the Supplementary Information (Fig. S7, S8), which confirms that the results are consistent across stations.


[Comment 3]
In Table 1, the paper divides the temporal changes of SBL into 11 periods and describes the trend for each period (increase, decrease, no significant change, keeping high levels). This period classification and determination form the backbone of the entire discussion, yet no quantitative criteria for the determination are provided. This is problematic from multiple perspectives.
First, the significance of the trends has not been evaluated. Even after smoothing, week-to-month-scale fluctuations remain in the SBL time series. Whether the SBL in each period shows an “increasing trend” should depend on the amplitude of fluctuations and the signal-to-noise ratio during that period, yet no objective method such as linear regression slopes or change-point detection algorithms has been applied. It is unclear whether it is appropriate to treat minor fluctuations like Periods I–III and clear fluctuations like Periods V and VII equally as “increase.”
Second, the period boundaries are arbitrary. How the start and end times of each period in Table 1 were determined is not stated. For example, the onset of Period V is given as “around May 2014,” but whether this was visually read from SBL changes or based on some statistical criterion is unclear. Since the setting of period boundaries directly affects the discussion of trend directions and temporal correspondence with ground deformation data (Section 4.3), the determination method should be stated.
Third, there is no criterion distinguishing “no significant change” from “keeping high levels.” Period IV (2009–May 2014) and Period VIII (January 2020–January 2022) are both described as periods when SBL did not change significantly, yet they are assigned different labels.
Fourth, the footnote of Table 1 states that the decrease in Period IX becomes clear only when KSE data are incorporated, but neither the method for integrating data from multiple stations nor the policy for handling cases where trend determinations differ between single and multiple stations is provided.
To address these issues, I recommend adopting one of the following approaches:
(a) Apply a statistical change-point detection method (e.g., Bayesian change point detection) to objectively determine period classification. Evaluate the significance of trends in each period by statistical testing and report confidence intervals.
(b) If the above is difficult, at least compute linear regression or moving-average slopes for the SBL time series in each period, and compare the magnitude of slopes with the variability and scatter of SBL to demonstrate that trend determination is not arbitrary.
(c) Also, clearly distinguish between minor fluctuations such as Periods I–III and large fluctuations such as Periods V and VII, and explicitly state for the former that “whether a statistically significant trend was detected is uncertain.” Discussion of detection limits is essential when claiming SBL sensitivity.
One of the major contributions of this paper is the assertion that SBL can detect subtle changes in volcanic activity that are difficult to capture with conventional analyses. However, if the criteria for such “detection” are not quantitatively defined, the utility of SBL cannot be objectively evaluated. The introduction of quantitative criteria is also important from the perspective of reproducibility when applying this method to other volcanoes.

Response:
We thank the reviewer for this helpful suggestion.
Regarding the basis of the period classification, we clarify that the classification was not determined solely from the SBL time series at station KSHA. The periods were primarily defined based on temporal variations in SBL at KSHA, while independent observations, particularly ground deformation data (e.g., areal strain; described in Section 4.2), were referred to as supporting information to confirm the timing of changes and transitions in trends. We have revised the manuscript to explicitly state this point (lines 243–245 in the revised manuscript).
Nevertheless, we acknowledge that some degree of subjectivity remains in the definition of the period boundaries. Therefore, as a minimum quantitative evaluation, we implemented the reviewer’s suggested approach (b). In addition, we examined whether the assigned trends in each period are statistically supported. Specifically, we applied ordinary least squares (OLS) regression to each period and evaluated the statistical significance of the slopes. The results are presented in the Supplementary Information (Figures S10 and S11). The slopes are statistically significant (p < 0.05) for most periods, whereas several periods have small absolute slopes and are therefore interpreted as periods with weak or no substantial change. Overall, the regression results are consistent with the qualitative classification.
We note that more objective approaches, such as Bayesian change-point detection, could be applied to determine period boundaries in a more systematic manner, and this will be explored in future work.
We have also revised Table 1 to unify the labeling of periods with no clear trend as “no significant change.” For Period VIII, we retain the additional description “(keeping high levels)” to indicate its relatively elevated SBL level, while maintaining consistency in the classification.
Finally, regarding the statement in the footnote of Table 1 for Period IX, we found that the expression was ambiguous and could lead to misunderstanding, particularly that the trend was determined based solely on the KSE data. Therefore, we have removed this statement in the revised manuscript.



[Comment 4] 
For SBL variations before 2014 (Periods I–III), corresponding ground deformation data are scarce (GNSS observation intervals are coarse, and signals from deep deformation sources have not been detected), and the basis for interpretation is weak. In Section 5.1.2, the discussion cites results from geomagnetic observations and lake water chemical analyses, but whether the SBL variations actually reflect volcanic activity or might instead reflect changes in the observational environment (seasonal variations in groundwater level, changes in surface conditions, etc.) has not been sufficiently examined. In particular, since KSHA is a surface installation and is presumably susceptible to environmental noise, a more cautious discussion of the reliability of SBL variations during this period is needed.

Response:
We thank the reviewer for this important comment.
We agree that near-surface environmental factors, such as groundwater level variations and surface conditions, may influence the SBL, particularly at KSHA, which is a surface installation. At the same time, it should be noted that such environmental changes may themselves be driven by volcanic processes, for example through hydrothermal activity or changes in subsurface fluid pressure. Therefore, it is inherently difficult to clearly distinguish between environmental effects and volcanic processes.
As a minimum evaluation of possible environmental effects, we examined the contribution of seasonal variations by extracting the seasonal component of the SBL time series using the STL method (Fig. R1 in this letter). The results show that the amplitude of the seasonal component is substantially smaller than the multi-year variations defining Periods I–III. Moreover, the characteristic increasing and decreasing trends remain evident even after removal of the seasonal component.
These observations suggest that the SBL variations during Periods I–III cannot be explained solely by simple seasonal environmental effects. However, as pointed out by the reviewer, independent geodetic constraints for this period are limited, and the influence of non-volcanic near-surface environmental processes cannot be completely excluded given the currently available observations. Therefore, the interpretation of SBL variations before 2014 is subject to greater uncertainty than that for the 2014 and 2018 unrest periods.


[image: ]
Figure R1. Decomposition of the SBL time series at KSHA using the STL method.
(a) Original SBL (black) and extracted long-term trend (red).
(b) Seasonal component representing annual variations.
(c) Comparison between the original SBL (black) and the de-seasonalized series (red).

The seasonal component has a relatively small amplitude compared to the multi-year SBL variations, and the long-term increasing and decreasing trends remain after removal of the seasonal component.



[Comment 5]
In Section 3.3, the reference period for the normalized SBL ratio is selected as December 2019–January 2020, but the only stated reason is that “it was the period when KSHA’s SBL was highest.” Whether using the period of highest SBL as a reference is the most statistically appropriate choice is not self-evident. Using a period of relatively quiescent activity as the reference might make it easier to interpret variations. It would be desirable to conduct a sensitivity test on how the choice of reference period affects the temporal pattern of SBL ratios, or at least show a comparison with a different reference period.

Response:
We thank the reviewer for this valuable comment.
We agree that the rationale for selecting the reference period was not sufficiently explained in the original manuscript, and we have revised the text accordingly (lines 214–215 in the revised manuscript). In addition to the previously stated reason that this period corresponds to relatively high SBL values at KSHA, we note that December 2019–January 2020 contains relatively few missing data and provides a stable reference interval. And, we renamed “normalized SBL ratio” to “SBL ratio” in the revised manuscript.
Furthermore, to evaluate the sensitivity of the results to the choice of reference period, we recalculated the SBL ratios using an alternative reference period (November–December 2012; Fig. S9 in Supplementary Information). The comparison shows that the overall temporal patterns of both the normalized SBL and the SBL ratios remain essentially unchanged, despite differences in the absolute values.
These results indicate that the main features discussed in this study are robust with respect to the choice of reference period.



 [Comment 6]
The Discussion part of this paper contains a circular reasoning problem regarding the physical mechanism of SBL oscillations. In Section 5.1, based on the temporal correspondence between SBL variations and ground deformation/seismic activity, SBL is interpreted as reflecting volcanic fluid supply. In particular, Section 5.1.2 concludes that volcanic vibration signals have been continuously present since Period I, citing lake water temperature data at Yugama as evidence. However, this argument implicitly assumes that “SBL captures volcanic tremor,” and this assumption itself has not been verified. Consequently, reading the statement “Therefore, it is reasonable to consider that volcanic vibration signals have been present throughout the entire period after Period-I” (lines 371– 373), it is unclear what makes this “reasonable.” The authors suggest continuous heat supply to the shallow region from the fact that Yugama lake water temperature does not fall below 0°C, but this fact alone is insufficient as a basis for interpreting SBL variations as dominance of volcanic tremor. The explanation of what kind of vibration phenomenon SBL represents and what physical process generates it is deferred to Section 5.3, where even there, non-destructive processes in the shallow hydrothermal system are presented only as a “plausible explanation.” Therefore, rather than asserting “reasonable” at the stage of Section 5.1.2, the authors should either (i) provide a brief explanation of the tremor mechanism concept earlier, or (ii) weaken the expression to “may suggest” or “is consistent with.” At the very least, it should be made explicit that there remains an interpretive leap between the continuation of heat supply and the volcanic origin of SBL.

Response:
We thank the reviewer for this insightful comment.
We agree that the previous wording was too strong and could imply a circular interpretation of the origin of the SBL variations. In the revised manuscript, we have therefore weakened the relevant statements and revised the logical flow of Section 5.1.2 (lines 387–405 in the revised manuscript).
Specifically, we no longer state that volcanic vibration signals were continuously present throughout the period after Period I. Instead, we describe this more cautiously as SBL-related vibration signals that may have persisted during Periods I–III, while their amplitudes fluctuated over time. In support of this interpretation, we added the observation that the decrease in SBL during Period II was followed by a renewed increase in Period III without an intervening stable stage, and that the transition between Periods II and III corresponds to the lowest SBL level during Periods I–III.
We also clarified that the crater-lake temperature observations are used only as supporting information for the persistence of heat contribution to the shallow region beneath Yugama, rather than as direct evidence for the volcanic origin of the SBL variations.




 [Comment 7]
Lines 360–363: “Knowing that the ground deformations are of volcanic origin (Munekane 2021; Terada et al. 2025), we interpret the observed relationship between the SBL and the deformation of the deep and shallow sources as indicative of the supply of volcanic fluids from deeper to shallower regions within the volcanic system.” This interpretation is the central claim of this paper, but the logical leap from the temporal correspondence between SBL increase and inflation of deformation sources to “fluid supply from deeper to shallower regions” is somewhat large. The SBL increase implies an increase in shallow vibrations, and inflation of the deep deformation source implies fluid accumulation at depth, but to conclude “deep-to-shallow fluid migration” from their co-occurrence, at least one of the following seems necessary:
(a) Confirmation of a temporal relationship where deep inflation precedes shallow inflation
(b) Confirmation of a temporal relationship where SBL increases after the onset of deep inflation
For 2014, deep deformation (areal strain) precedes SBL (lines 326–327), which is consistent. However, for 2018, SBL and deep deformation begin at approximately the same time (lines 336–337), making the direction of causality somewhat unclear. A more cautious discussion on this point would be desirable.

Response:
We thank the reviewer for this important comment. We agree that the temporal correspondence between the SBL increase and deformation signals alone does not uniquely demonstrate deep-to-shallow fluid migration. We therefore substantially revised Section 5.1.1 to make this interpretation more cautious.
Regarding point (a), the deep deformation preceded the shallow deformation during both the 2014 and 2018 unrest episodes (lines 377–384 in the revised manuscript, Fig. S13 in Supplementary Information). Regarding point (b), the deep deformation preceded the SBL increase in 2014 unrest, whereas the relative timing between the SBL increase and the deep deformation during the 2018 unrest is difficult to determine (lines 323–326 in the revised manuscript).
Accordingly, we revised the manuscript to state that the SBL variations are related to volcanic activity based on their temporal correspondence with deformation and seismic activity. We also explicitly described the difference in the timing of the SBL changes between the 2014 and 2018 unrest episodes (lines 381–385 in the revised manuscript).

 [Comment 8]
The polarization analysis in Section 5.2.1 covers only the period December 2019– January 2020. Although this is a period of high SBL, no vibration source location estimation has been performed for the 2014 unrest period or non-unrest periods. Since Section 5.2.2 discusses spatial migration of the vibration source based on changes in SBL ratios, it is important to also conduct polarization analysis for different periods and directly verify temporal changes in vibration source location. If results showing that the epicenter is not estimated near Yugama crater during non-unrest periods were obtained, this would support the authors’ claims. Additionally, verification that the Rayleigh wave assumption is valid (e.g., confirmation of particle motion ellipticity) is needed.

Response:
We thank the reviewer for this valuable comment.
We explored polarization analyses for additional periods, including unrest and non-unrest intervals. However, the results were not sufficiently stable to robustly track temporal changes in source location. In addition, together with the issues raised in Comments 9–13 regarding the interpretation of polarization results, the dominant wave type, and possible changes in wavefield composition, we reconsidered the role of the polarization analysis in this study.
Accordingly, we revised Section 5.2 and repositioned the polarization analysis as a supplementary examination that provides qualitative constraints on the source region of the SBL vibrations rather than a principal basis for inferring temporal source migration (lines 412-414 in the revised manuscript). We also revised Section 5.2 to clarify that source migration is only one possible interpretation of the observed changes in SBL ratios (lines 447–450 in the revised manuscript).
In response to the reviewer’s comment regarding the Rayleigh-wave assumption, we additionally inspected particle motions for representative time windows. An example is provided in this response letter (Fig. R2 in this letter). Some windows exhibit retrograde elliptical motions qualitatively consistent with Rayleigh-wave-like surface waves. However, these observations are not sufficiently systematic to identify the dominant wave type throughout the study period and are therefore treated only as supplementary qualitative information.


[image: ]
Figure R2. Waveforms and particle motions at KSE for a 10-s time window beginning at 19:29:30 JST on 2 January 2020. The seismic power in this time window corresponds to the 39.1st percentile of the analyzed windows. 
(a) Stockwell transform of the vertical component. 
(b–d) Waveforms of the vertical, north–south, and east–west components, respectively. Gray, blue, and red lines indicate the raw velocity waveform, the 3.5–7.0 Hz band-pass-filtered velocity waveform, and the displacement waveform obtained by integrating the band-pass-filtered velocity waveform, respectively. 
(e, f) Radial and transverse components obtained by rotating the horizontal components using a back azimuth of 281.0°, which was estimated from the polarization analysis for this time window. The line colors are the same as in (b–d). 
(g–i) Particle motions in the radial–vertical, transverse–radial, and transverse–vertical planes, respectively. The particle motions were calculated from the displacement waveforms obtained by integrating the 3.5–7.0 Hz band-pass-filtered velocity waveforms. The red dots represent the start points of each window.



 [Comment 9]
The polarization analysis (Section 5.2.1 and Appendix B) is technically carefully conducted, but its role within the main line of argument in this paper is unclear. Specifically, the following points are of concern.
First, the polarization analysis covers only a two-month period from December 2019 to January 2020, which is a large discrepancy from the 20-year time scale addressed in this paper. How these analysis results contribute to the interpretation of long-term SBL variations is not adequately explained.
Second, the main conclusion of the polarization analysis is that “the SBL vibration source is located at shallow depth near the Yugama crater.” However, this can already be inferred to some extent from the nature of SBL (commonly observed at multiple nearby stations, larger amplitude at stations near the crater), and it is not an essentially new finding that could not be obtained without polarization analysis. Presumably, the logic is that Rayleigh waves are surface waves requiring a shallow source for excitation, and that the observation of Rayleigh waves at short distances (where body waves would typically dominate) suggests a shallow source that efficiently excites surface waves, but this is not explicitly stated.
Third, in Section 5.2.2, the discussion of spatial differences in vibration source location between the 2014 and 2018 unrest is based primarily on the hypocenter distribution of high-frequency earthquakes and the thermal demagnetization source estimates of Kanda et al. (2025), rather than on the polarization analysis results themselves. If polarization analysis had been conducted for different periods, it could have served as powerful direct evidence showing temporal changes in vibration source location, but as it stands, the inference remains indirect.
Considering the above, I would like the authors to consider one of the following responses:
(a) Apply polarization analysis also to the 2014 and 2018 unrest periods, directly demonstrating temporal changes in vibration source location. This would substantially strengthen the discussion in Section 5.2.2 on SBL ratio variations. (b) Alternatively, clearly
position the polarization analysis as a preliminary examination to confirm the basic characteristics of the SBL vibration source (shallow, near-crater), and indicate to readers that it is supplementary information somewhat independent of the main argument. Currently, the polarization analysis appears positioned as one of the pillars supporting the main conclusions, but relative to this expectation, the scope of the analysis is limited, creating a gap between expectation and content.



Response:
We thank the reviewer for this thoughtful comment.
We agree that the role of the polarization analysis was not sufficiently clear in the original manuscript. We also explored polarization analyses for additional periods, including the 2014 unrest and non-unrest interval. However, the results were not sufficiently stable to robustly track temporal variations in source location. Therefore, we adopted the reviewer’s suggested approach (b) and repositioned the polarization analysis as a preliminary and supplementary examination of the basic characteristics of the SBL vibration source.
In response to this comment, as well as related comments (Comments 8 and 10–13), we substantially revised Section 5.2 (lines 423–424 in the revised manuscript). Specifically, the analysis supports the interpretation that the source region of the SBL vibrations is located around the Yugama crater and may be associated with a relatively shallow source if the dominant signals are interpreted as Rayleigh-wave-like surface waves. And, we now explicitly state that the analysis does not uniquely constrain the dominant wave type, the precise source location (lines 425–427 in the revised manuscript).
Accordingly, the discussion of SBL ratio variations has also been revised. Rather than treating source migration as a conclusion supported by the polarization analysis, we now present it as one possible interpretation of the observations, together with alternative explanations involving changes in source depth, radiation characteristics, or wavefield composition (lines 447–450 in the revised manuscript).


 [Comment 10]
In the 3.5–7.0 Hz band used for SBL calculation, based on rough estimates using assumed shallow phase velocities (approximately 500–1500 m/s), the depth at which the particle motion of the fundamental-mode Rayleigh wave transitions from retrograde to prograde (hereinafter referred to as the “crossover depth”) is estimated to be on the order of several tens of meters (~λ/5). In contrast, the installation depths of KSW (220 m), KSS (110 m), and KSAO (95 m) are considerably larger, and KSW in particular is likely to exceed this
depth for much of the target frequency band. The following concerns arise:
First, the reliability of the polarization analysis results (Section 5.2.1 and Appendix B). If azimuthal estimation assuming retrograde polarization is applied to data from stations beyond the crossover depth, systematic errors are expected. Indeed, looking at Figure B2, the estimation results for KSW appear to deviate from Yugama crater.
Second, the physical interpretation of SBL ratios (Sections 4.1.2 and 5.2.2). At stations beyond the crossover depth and particle motion changes from retrograde to prograde. Furthermore, Rayleigh wave amplitude generally attenuates with depth. Consequently, at stations with different installation depths, the relative contributions of recorded Rayleigh waves and body waves differ, and the degree of Rayleigh wave contribution to SBL values based on the vertical component alone also depends on installation depth. The validity of taking SBL ratios between stations with different wavefield compositions　due to installation depth and interpreting their temporal changes as spatial migration of the vibration source requires examination. If the depth or radiation characteristics of the vibration source change, the relative contributions of Rayleigh waves and body waves recorded at each station can change even without horizontal migration of the vibration source, which could result in SBL ratio variations.
Third, the interpretation of inter-station SBL differences (lines 440–443). The observation that during the 2018 unrest, SBL amplitudes at KSHA and KSE were larger than in 2014, while at KSW, KSS, and KSAO they were larger in 2014, could also potentially be explained as changes in Rayleigh wave excitation efficiency accompanying changes in source depth or radiation characteristics, when the effect of installation depth is considered. For example, if the source depth or radiation characteristics during the 2018 unrest differed from 2014, the ratio of Rayleigh wave to body wave contributions and the recorded amplitudes at each station could change even without horizontal migration of the source. At stations near the surface, this effect would be relatively larger, while at deeper borehole stations, it could be relatively smaller due to the depth attenuation of fundamental-mode Rayleigh waves. However, since the depth dependence of Rayleigh wave excitation efficiency also depends on the period band and source mechanism, separating this effect from the effect of horizontal source migration requires quantitative evaluation of the eigenfunctions and excitation efficiency depth dependence of Rayleigh waves based on a velocity structure model.

Response:
We thank the reviewer for this valuable and insightful comment.
We appreciate the reviewer's discussion regarding the crossover depth of Rayleigh-wave particle motions and the potential influence of station installation depth on both the polarization analysis and the interpretation of inter-station SBL ratios. We agree that stations installed at substantially different depths may record different mixtures of seismic wavefields, introducing additional uncertainty into the interpretation of station-dependent amplitude variations.
In response to this comment, as well as related Comments 8, 9, 12, and 13, we substantially revised Section 5.2. The polarization analysis is now positioned as a supplementary examination that provides only qualitative constraints on the source region of the SBL vibrations, rather than as a primary basis for inferring temporal changes in source location (lines 412–414 in the revised manuscript).
We also revised the discussion of normalized SBL ratio variations. In the revised manuscript, we explicitly acknowledge that the observed station-dependent amplitude differences could be influenced not only by source migration but also by changes in source depth, radiation characteristics, or wavefield composition. Accordingly, we now describe source migration as one possible interpretation of the observations rather than a unique conclusion (lines 447–450 in the revised manuscript).
We agree that a quantitative evaluation of Rayleigh-wave excitation efficiency and depth dependence based on a velocity structure model would be valuable for separating these effects. However, such an analysis is beyond the scope of the present study and remains an important subject for future work.



 [Comment 11]
The source-location comparison in Section 5.2.2 requires caution. What Section 5.2.1 directly shows is that the horizontal position of the SBL vibration source based on polarization analysis is near Yugama crater, and from the Rayleigh wave interpretation, it is inferred that the “source should be shallow”—quantitative depth estimation has not been achieved. The authors themselves state in Section 5.3 that “source depth has not yet been quantitatively estimated.” Nevertheless, Section 5.2.2 interprets that the SBL source moved northeastward and upward during the 2018 unrest compared to 2014, citing hypocenters of high-frequency earthquakes and thermal demagnetization sources from Kanda et al. (2025). However, these location estimates are based on different methods, and the nature of their uncertainties is not identical. Therefore, if source migration is to be discussed by comparing them, the positional errors and model dependencies of each estimate should be stated explicitly, and it should be demonstrated that the difference between 2014 and 2018 is significant even considering these uncertainties. As it stands, what can be said from Figure 6 is at most a qualitative statement that things are “broadly consistent near Yugama crater,” and the claim that the normalized SBL ratio provides spatial information on source location is an overstatement.

Response:
We thank the reviewer for this valuable comment.
Regarding the studies cited in the manuscript, both the hypocenter distributions and the thermal demagnetization source estimates suggest systematic differences between the 2014 and 2018 unrests. For example, the thermal demagnetization source locations reported by Kanda et al. (2025) remain distinguishable even when their estimated uncertainties are considered. Likewise, the spatial distributions of high-frequency earthquakes during the two unrest periods show differences that are larger than the typical location uncertainties.
However, we agree that these observations alone do not provide sufficient evidence for a quantitative determination of the migration of the SBL vibration source. Therefore, in the revised manuscript, we no longer present source migration as a demonstrated result. Instead, we state that the SBL ratio variations are consistent with a northeastward and upward shift of the dominant vibration source region (lines 444–446 in the revised manuscript), while explicitly acknowledging that alternative explanations are also possible.
Accordingly, the discussion in Section 5.2 has been revised to clarify that the inferred source-region differences represent one possible interpretation of the SBL ratio variations rather than a unique explanation (lines 447–450 in the revised manuscript).


 [Comment 12]
Only the vertical component is used for SBL calculation (Lines 177–178). The manuscript explains that this choice was made because “horizontal components sometimes had problems,” but this point has important implications from the perspective of seismic wave propagation. The seismic wavefield recorded on the vertical component strongly depends on the propagation mode. In general, the vertical component of Rayleigh waves is large near the free surface and attenuates with depth. Meanwhile, the vertical components of P-waves and SV-waves depend on take-off angle and radiation characteristics, and SHwaves ideally do not contribute to the vertical component. Therefore, when the vibration source is shallow, the contribution of Rayleigh waves to the vertical component may be relatively larger at stations near the surface, while at borehole stations, the Rayleigh wave contribution weakens with depth, and the relative contribution of body waves such as P- and SV-waves may increase. In other words, even when computing the same SBL, the surface station KSHA and the borehole station KSW may effectively be observing different mixtures of wavefield components. This point could also affect the interpretation of the result discussed in Section 5.2.2 that “SBL amplitudes at KSHA and KSE were larger during the 2018 unrest, while at KSW, KSS, and KSAO they were larger during the 2014 unrest” (lines 440–443). This difference could potentially be explained not only by horizontal migration of the vibration source, but also by changes in wavefield composition (e.g., changes in the relative ratio of surface waves to body waves) or changes in source depth and radiation characteristics.

Response:
We thank the reviewer for this valuable comment.
As pointed out by the reviewer, stations installed at different depths may record different mixtures of surface-wave and body-wave energy, and this could potentially affect comparisons among stations.
To evaluate the influence of component selection, we additionally calculated SBL using (1) the vertical component only, (2) the horizontal components only, and (3) all three components combined. We then compared both the long-term temporal variations of SBL and the temporal variations of the ratios among these measures. The results have been added to the Supplementary Information (Fig. S2, S3, S4, S5, S6).
We found that the overall temporal patterns of SBL, including the 2014 and 2018 unrest periods, were generally similar among the three calculations. Furthermore, the component ratios remained relatively stable through time at most stations. Although some variations were observed at KSE (Fig. S4 in Supplementary Information), no large systematic changes were identified at the other stations.
These results suggest that, for the periods analyzed in this study, the use of the vertical component alone does not substantially affect the principal temporal variations discussed in the manuscript. However, we agree that changes in the relative contributions of surface waves and body waves cannot be completely excluded, particularly at KSE. Therefore, we revised the manuscript to explicitly acknowledge that differences in source locations, propagation characteristics, and radiation patterns may influence the observed SBL amplitudes and their interpretation (lines 449–450 in the revised manuscript).



 [Comment 13]
SBL itself is an amplitude-based indicator, and the propagation mode of the recorded seismic waves cannot be identified from its definition alone. Whether the component contributing to SBL is predominantly Rayleigh waves, surface waves including scattered waves, or includes body waves cannot be determined from the SBL definition alone. Therefore, directly interpreting SBL increase/decrease as “strength of volcanic tremor” or “strength of vibration sources in the shallow hydrothermal system” requires an additional step of verification. At a minimum, additional evidence should be presented to support which wave component dominates in this band, such as polarization characteristics based on three-component records or consistency with Rayleigh-wave-like elliptical motion. Since the manuscript notes that horizontal components were not used for SBL calculation because “horizontal components sometimes had problems,” extra caution is needed when equating SBL with “Rayleigh-wave-like tremor.”

Response:
We thank the reviewer for this valuable comment.
We agree that SBL is an amplitude-based indicator and that the propagation mode of the recorded seismic waves cannot be identified from the SBL definition alone. Therefore, caution is required when interpreting SBL increases or decreases directly as changes in volcanic tremor strength or in the strength of a shallow hydrothermal vibration source.
In response to this comment, as well as related Comments 8–12, we substantially revised Section 5.2. In the revised manuscript, the polarization analysis is positioned as a supplementary examination that provides qualitative constraints on the source region of the SBL vibrations.
We also revised the interpretation of the SBL ratios so that source-region migration is presented as one possible explanation rather than a unique conclusion, while explicitly acknowledging the potential influence of propagation characteristics and radiation patterns (lines 447–450 in the revised manuscript).
Furthermore, as described in our response to Comment 12, we compared SBL calculated from the vertical component, horizontal components, and all three components, and added the results to the Supplementary Information (Fig. S2, S3, S4, S5, S6). Although this analysis does not identify the dominant wave type, the long-term temporal variations of SBL were broadly consistent among the different component combinations at most stations. Therefore, while uncertainty remains regarding the detailed wavefield composition, we consider that the principal long-term variations discussed in this study are generally robust with respect to component selection.

Minor comments:
[Comment 14]
Lines 56–57: “Long-term analysis of seismic data is important, because the evaluation of volcanic activity is difficult to achieve using individual datasets alone.” The logic is somewhat disjointed. The reason given for “long-term analysis is important” is “evaluation is difficult with individual datasets alone,” but this is an argument for “integration of multiple data types is important,” which is slightly off as a basis for the necessity of “long-term analysis.” It would be clearer to distinguish the reason why “long-term analysis” is important (e.g., volcanic activity variations progress over year-to-decade timescales) from the reason why “integration of multiple data types” is important.

Response:
We thank the reviewer for this valuable comment.
We agree that the original statement did not clearly distinguish the rationale for long-term analysis from that for integrating multiple datasets, and we have revised the manuscript accordingly (lines 51–57 in the revised manuscript). Volcanic activity commonly evolves over timescales of years to decades, and therefore long-term observations are essential to capture these variations. In addition, for any metric to be useful for monitoring purposes, it is necessary to establish its baseline behavior over both quiescent and active periods.



[Comment 15] 
Lines 57–59: “Combining various observations provides a more reliable picture of the state of a volcano (Poland and Anderson 2020; Burchardt et al. 2022; Acocella et al. 2024; Stix et al. 2025).” This functions as a supplement to the previous sentence, but the previous sentence starts with “long-term analysis” while this sentence shifts to “integration of various observations.” The coherence with the topic sentence of the first paragraph is somewhat weak.

Response:
We thank the reviewer for this valuable comment.
We agree that the original paragraph did not clearly distinguish between the rationale for long-term analysis and that for integrating multiple types of observations, which weakened the overall coherence of the first paragraph. This issue is closely related to the comment in (14), and we have revised the manuscript accordingly (lines 51–57 in the revised manuscript).
Specifically, we have clarified that long-term analysis is required to capture temporal variations in volcanic activity and to establish a reliable baseline over both quiescent and active periods, whereas the integration of multiple datasets is important because the evaluation of volcanic activity is difficult to achieve using any single dataset alone.



[Comment 16]
Lines 101–102: “As a result, we identified, for the first time, the presence of SBL vibrations…” Presenting results in the Introduction is acceptable in itself, but “for the first time” is a strong claim, and unless the authors can demonstrate comprehensive coverage of prior literature, it would be safer to weaken this. Also, having results appear before the statement of objectives makes the structure somewhat unnatural.

Response:
We thank the reviewer for this valuable comment. 
We agree and have revised the manuscript accordingly (line 102 in the revised manuscript). We have reordered the sentences to improve the logical structure and removed the phrase “for the first time.”



[Comment 17] 
Lines 103–105: “This understanding will improve our knowledge of the relationship between the supply of volcanic fluids and the shallow aquifer or hydrothermal system…” In the latter half of the paper, SBL and the correlation between deformation and surface phenomena are interpreted as “fluid supply from deeper to shallower regions,” and the authors themselves state that quantitative estimation of SBL source depth has not been achieved. Therefore, this sentence should be weakened to something like “will provide constraints on…” to be consistent with the actual scope of the analysis.

Response:
We thank the reviewer for this valuable comment. 
We agree and have revised the sentence accordingly by weakening the expression to better reflect the scope and limitations of the analysis (lines 102–104 in the revised manuscript), as suggested.


[Comment 18] 
Lines 77–80: “The SBL analysis is also useful for understanding the behavior of shallow fluids even in volcanic environments where phreatic eruptions occur. Kurihara (2023) applied the SBL analysis and detected signals associated with the 2015 phreatic eruption at Hakone volcano.” This is an appropriate introduction showing the applicability of SBL to phreatic eruption environments, but it would be good to explain Kurihara (2023)’s results and demonstrate the usefulness of this approach. 

Response:
We thank the reviewer for this helpful comment.
We have revised the manuscript (lines 75–85 in the revised manuscript). We have revised the description of Kurihara (2023) to more clearly explain its result: Kurihara (2023) detected a temporal increase in noise amplitude associated with the 2015 phreatic eruption at Hakone volcano. We also clarified that this result suggests that variations in background seismic noise may reflect changes in volcanic activity, providing a relevant example of the application of SBL analysis to a phreatic eruption environment.



[Comment 19] 
Lines 80–85: “Stix and De Moor (2018) proposed two conceptual models for phreatic eruptions and discussed the heating processes of hydrothermal systems and near-surface aquifers caused by the supply of volcanic fluids prior to eruption. Because a well-developed hydrothermal system exists beneath the Yugama crater at Kusatsu-Shirane volcano (Hirabayashi 1999; Terada 2018), detecting variations in the subsurface hydrothermal system is crucial for understanding the state of volcanic activity.” The specific content of Stix and De Moor (2018)’s two models is not described, only cited, making it unclear how this citation relates to the present study.

Response:
We thank the reviewer for this valuable comment. 
We agree that the connection between Stix and De Moor (2018) and the present study was not sufficiently clear. In the revised manuscript (lines 79–81 in the revised manuscript), we have clarified that the relevance of this study lies in the heating processes of hydrothermal systems and near-surface aquifers caused by the supply of volcanic fluids prior to eruption. Because a well-developed hydrothermal system exists beneath the Yugama crater, such processes are considered to be directly relevant to our study. Since the detailed descriptions of the two conceptual models are not directly used in the subsequent analysis, we have removed the reference to the models themselves and revised the sentence to improve the clarity of the logical structure.



[Comment 20]
Line 108: “corresponds”

Response:
We thank the reviewer for this comment.
We have revised the manuscript accordingly.



[Comment 21]
Line 129: “important tool” → “important indicator”

Response:
We thank the reviewer for this comment. In the revised manuscript, we have removed the statement describing the SBL as an “important tool.” Therefore, the corresponding phrase is no longer included in the manuscript.



[Comment 22]
Lines 142–147: The January 2018 eruption at Motoshirane occurred before the 2018 unrest described in lines 117–122 (where seismic activity surged in April). However, the text structure presents details of the April 2018+ unrest first, followed by “also, a phreatic eruption occurred at Motoshirane in January 2018,” creating a chronological inversion. This may confuse readers who have just read that “the 2018 unrest started in April.” It would be preferable to mention the Motoshirane eruption first or to explicitly clarify the chronological relationship.

Response:
We thank the reviewer for this insightful comment.
We agree that the original text could be confusing due to the chronological inconsistency. In the revised manuscript, we have removed the description of the January 2018 phreatic eruption at Motoshirane, as it is not directly relevant to the focus of this study. Previous studies have suggested that volcanic activity at Yugama and Motoshirane may be related through a deep inflation source and the shallow hydrothermal fluid reservoir (C2a) (Munekane, 2021; Matsunaga et al., 2020a, b). However, the present study focuses on volcanic activity near the Yugama crater, and we consider that including the Motoshirane eruption may lead to unnecessary confusion. We have also clarified the scope of the study by specifying “near the Yugama crater lake” in the subsection heading.



[Comment 23]
Line 152: “30-years trend” → “30-year trend”

Response:
We thank the reviewer for this comment.
We have revised the manuscript accordingly.



[Comment 24]
Lines 176–180: “Horizontal components sometimes had problems” is too vague.

Response:
We thank the reviewer for this comment.
We have revised the manuscript to clarify the nature of the issues affecting the horizontal components by adding a specific example (lines 196–197 in the revised manuscript).



[Comment 25] 
Lines 197–198: “The data were divided into two time windows: 18:00–24:00 of the previous day and 00:00–06:00 of the following day.” The reason for dividing the 12-hour nighttime data into two segments is not stated. Since this processing is presumably not standard practice, the reason should be stated explicitly.

Response:
We thank the reviewer for this valuable comment.
The division into two time windows was intended to increase the number of independent samples and to reduce the influence of short-term noise, such as that caused by transient weather conditions lasting for several hours. In the revised manuscript, the detailed description of the SBL calculation procedure has been simplified following Reviewer #2’s comment, and this specific step has been omitted. However, the rationale for this processing has been clarified as described above.



[Comment 26]
Lines 231–236: The rationale for grouping A-type (VT) and BH-type into the same “highfrequency” group is not stated. A-type earthquakes have clear first arrivals and are VT, while BH-type are low-frequency earthquakes with unclear onsets but relatively high-frequency components—these may reflect different physical mechanisms. The reason for grouping them together should be stated.

Response:
We thank the reviewer for this insightful comment.
We agree that A-type (VT) and BH-type earthquakes may reflect different physical mechanisms. In the JMA catalog, these classifications are primarily based on waveform characteristics, such as the clarity of P- and S-wave onsets and dominant frequency content, and may not directly reflect distinct source mechanisms. In this study, we group A-type and BH-type earthquakes together only for the purpose of comparing the relative occurrence of higher-frequency seismic events. Both types contain relatively high-frequency components compared with other event types (e.g., BL-, BP-, or BT-type events), and thus provide a practical indicator of changes in relatively high-frequency seismic activity. This grouping is therefore based on frequency characteristics and does not imply that A-type and BH-type earthquakes share the same source mechanism. We have clarified this point in the revised manuscript (lines 179–183 in the revised manuscript).



[Comment 27]
Line 247: “When multiple stations are operated, their SBL variations are in general coherent.” This is essentially a repetition of Lines 245–246 and is redundant.

Response:
We thank the reviewer for this valuable comment.
We agree that this sentence is redundant and have removed it from the revised manuscript.


[Comment 28]
Lines 255–256: “These temporal changes in the normalized SBL ratios are evident in the logarithmic plots of SBL growth (Fig. 4b).” Fig. 4b shows the SBL time series for each station; Fig. 4c shows the normalized SBL ratios (likely a figure reference error).

Response:
We thank the reviewer for this valuable comment.
We have revised the figure numbering; Fig. 4b in the original manuscript corresponds to Fig. 5b in the revised manuscript. And, we renamed “normalized SBL ratio” to “SBL ratio” in the revised manuscript.
The reference to Fig. 5b was intended to indicate the consistency between the SBL ratios and the SBL time series. However, we agree that this statement may cause confusion, as Fig. 5b does not directly show the normalized SBL ratios. Since this sentence was not essential to the main argument, we have removed it to improve clarity.



[Comment 29] 
Lines 293–294: “In 2018, the SBLs at KSHA, KSE, and KSW showed synchronous fluctuations, which were most pronounced at KSW (Fig. 5b).” It is unclear what was “most pronounced” at KSW. Does it mean “the amplitude of the synchronized fluctuations was largest at KSW”? If so, this appears to contradict the discussion in Section 5.2.2 (that the 2018 activity center was closer to KSHA and KSE). If the fluctuation was largest at KSW, it would suggest the vibration source is closer to KSW, yet the Discussion states the opposite. Whether “most pronounced” here refers to “amplitude of fluctuation” or “clarity of the fluctuation pattern” should be clarified.

Response:
We thank the reviewer for this insightful comment.
Here, “most pronounced” refers to the clarity of the fluctuation pattern, not to the amplitude of the fluctuations. We agree that the original wording was ambiguous and may have led to misinterpretation. We have revised the sentence to clarify this point (lines 328–329 in the revised manuscript).



[Comment 30]
Lines 318–319: “The local extension started between the two data points in August 2012 and July 2014 (Fig. 4e).” The interval “between August 2012 and July 2014” spans approximately two years. Given the very coarse sampling interval of this data, the onset time of extension is highly uncertain. The temporal resolution of the GNSS data is insufficient for discussing the detailed temporal relationship with the onset of SBL increase (around May 2014).

Response:
We thank the reviewer for this valuable comment.
We agree that the temporal resolution of the GNSS data is insufficient to precisely determine the onset timing of the local extension. In the revised manuscript (lines 305–306 in the revised manuscript), we have clarified that the onset of local extension is uncertain due to the sparse sampling interval. To better constrain the temporal relationship with SBL variations, we refer to tiltmeter observations reported by Terada et al. (2025), which provide higher temporal resolution. We have revised the Section 5.1.1 to incorporate this comparison in a more cautious manner (lines 364–367 in the revised manuscript). 



 [Comment 31] 
Lines 349–352: Regarding the first common feature, the Results report that during the 2014 unrest SBL increase lagged behind seismic activity (lines 276–278), while during the 2018 unrest SBL preceded it (lines 287–288). Summarizing these as “before or during” is accurate but lumps together the important difference that the lead-lag relationship is reversed between the two unrest episodes. Since this difference itself may reflect differences in the state of the volcanic system, it should be explicitly distinguished and discussed here.

Response:
This is an important point, and we thank the reviewer for highlighting it.
We agree that the difference in the lead–lag relationship between SBL and seismic activity during the 2014 and 2018 unrests is important and should be explicitly described. In the revised manuscript, we have clarified that the SBL increase lagged behind seismic activity in 2014 unrest, whereas it preceded in 2018 unrest (lines 377–381 in the revised manuscript). We also briefly discuss that this contrast may reflect differences in the state of the volcanic system prior to each unrest (lines 381–385 in the revised manuscript), while noting that further evaluation of this possibility requires additional constraints due to the limitations of the available data.



 [Comment 32] 
Lines 357–359: The observation that “SBL began to decrease while uplift around Yugama continued” appears to contradict the second common feature stated above (“SBL decreases when inflation slows, stagnates, or reverses”). If SBL begins to decrease while shallow inflation (uplift) is still ongoing, it suggests that SBL decrease corresponds to a different factor rather than the continuation/cessation of shallow inflation (e.g., a decrease in fluid supply from depth). Discussion of this contradiction (or complexity) is needed.

Response:
We thank the reviewer for this valuable comment.
In the previous version of the manuscript, the common feature regarding ground deformation included both the deep and shallow sources. We have reconsidered this point and revised the text so that this common feature refers only to the deep deformation source (lines 359–361 in the revised manuscript).
Regarding the relationship between the SBL and shallow deformation, we provide the following possible interpretation. The shallow ground deformation reflects pressure or volume changes of the shallow pressure source. Therefore, even if the fluid supply rate from depth to the shallow source decreases, pressure accumulation and uplift of the shallow pressure source can continue as long as the supply does not completely stop. On the other hand, if the SBL vibrations are related to the supply of volcanic fluids or heat from the shallow pressure source to an even shallower region, the SBL could decrease even while shallow uplift continued, if the flux of volcanic fluids or heat from the shallow source to the shallower region decreased. We also note that this is only one possible interpretation, and that the physical mechanism responsible for such a decrease in flux is not constrained in this study.



[Comment 33] 
Lines 360–363: “Knowing that the ground deformations are of volcanic origin… we interpret the observed relationship… as indicative of the supply of volcanic fluids from deeper to shallower regions…” What is observed is the temporal correspondence between SBL and deep/shallow deformation. It is not direct evidence of “fluid supply to deeper to shallower regions.” Expressions such as “is consistent with” or “can be interpreted as reflecting” would be more appropriate.

Response:
We thank the reviewer for this comment.
We agree that the temporal correspondence between the SBL variations and deformation does not provide direct evidence for the supply of volcanic fluids from deeper to shallower regions. We therefore revised the manuscript to avoid this overinterpretation (lines 362–363 in the revised manuscript).



[Comment 34]
Lines 388–391: “The increase in SBL observed during these periods may represent a minor fluctuation in volcanic activity occurring in the shallow depth beneath Yugama, within an overall declining and cooling trend of the hydrothermal system.” This interprets SBL increases and decreases as “minor activity fluctuations at shallow depth within a hydrothermal system that is overall declining and cooling,” but if the hydrothermal system is in a cooling trend, what is the cause of the SBL increase in Period I? This question is not adequately answered.

Response:
We thank the reviewer for this insightful comment.
We agree that the interpretation of SBL increases during an overall cooling trend requires clarification. In the revised manuscript, we have clarified that the long-term cooling trend does not imply a complete cessation of heat or fluid supply (lines 403–405 in the revised manuscript).



[Comment 35]
Lines 475–477: “The analysis of nearly 20 years of data revealed that the SBL increased during the unrest episodes in 2014 and 2018, showing good correlation with both deep and shallow sources of ground deformation.” “Good correlation” is used, but no correlation coefficients have been computed in this study; the comparison is based on qualitative time-series comparison. Expressions such as “good temporal correspondence” or “consistent temporal relationship” would be more accurate. The same issue applies to “strong correlation” in the Abstract (line 31).

Response:
We thank the reviewer for this valuable comment.
We agree that the term “correlation” was too strong, as our interpretation is based on qualitative comparison of time series rather than quantitative analysis. We have revised the manuscript accordingly by replacing expressions such as “good correlation” and “strong correlation” with more appropriate terms, such as “good temporal correspondence.”



[Comment 36] 
Lines 481–482: "Overall, the results demonstrate that SBL analysis is a powerful tool for monitoring volcanic activity." "Demonstrate" is a strong expression meaning "to prove conclusively." This study is a retrospective analysis at a single volcano (Kusatsu-Shirane), and it cannot be said that the effectiveness of SBL analysis as a monitoring tool has been "demonstrated." Demonstrating that SBL analysis is effective in actual real-time monitoring would require prospective validation. As noted in Comment 3, quantitative criteria would also be necessary. More cautious expressions such as "suggest" or "indicate" are appropriate, or something like "the results support the potential of SBL analysis as a tool for…" would be suitable.

Response:
We thank the reviewer for this valuable comment.
We agree that the original expression was too strong. In the revised manuscript, we also reconsidered the scope of our conclusion and decided not to extend it to the applicability of SBL analysis as a tool for volcano monitoring. The corresponding sentence has therefore been removed.



[Comment 37]
Lines 482–483: “In particular, the SBL can reveal subtle variations in the state of the hydrothermal system, even during non-unrest periods.” The claim that “subtle variations in the hydrothermal system can be detected even during non-unrest periods” is based on the correspondence between SBL variations and surface phenomena in Periods I–III. However, as discussed in the Discussion, the interpretation that SBL variations during Periods I–III reflect hydrothermal system variations involves several logical leaps (e.g., the relationship between the existence of heat supply and the generation of vibrations has not been verified). Even in the Conclusion, when making this claim, it should be limited to the observational fact that “SBL variations were temporally correlated with surface phenomena (lake discoloration, fumarole appearance) during non-unrest periods,” and the interpretive claim that “subtle variations in the hydrothermal system can be detected” should be somewhat toned down.

Response:
We thank the reviewer for this insightful comment.
We agree that the interpretation of SBL variations during non-unrest periods involves several uncertainties and should be treated with caution. Based on the temporal correspondence between the SBL variations and surface phenomena, we consider that the vibrations contributing to the SBL may have been related to volcanic activity, although this does not demonstrate a direct relationship. We agree that the statement that “subtle variations in the hydrothermal system can be detected” was an overstatement, and we have therefore removed it from the revised manuscript.



[Comment 38] 
Lines 483–484: “When combined with SBL ratio analysis, it also provides spatial information on the vibration source.” The spatial information obtained from SBL ratio analysis is on the order of “the activity center was somewhat different between 2014 and 2018,” and the expression “provides spatial information” may appear somewhat overrated. “Provides
some spatial information” or “provides preliminary spatial constraints” would be more accurate.

Response:
We thank the reviewer for this valuable comment.
We agree that the original expression was too strong, and we have removed this statement from the Conclusion to avoid overinterpretation.



 [Comment 39]
Figure 4 is a core figure of this paper, but six panels are packed with a large amount of information, resulting in low readability. In particular, in the logarithmic SBL plot (b), the color coding of each station is hard to distinguish (there are parts where KSHA’s green and KSE’s red overlap and are difficult to differentiate). Consider separating each station into individual panels, or at least displaying the SBL of the main station (KSHA) prominently in an independent panel.

Response:
We thank the reviewer for this helpful comment. We agree that Fig. 4 in the original manuscript (Fig. 5 in the revised manuscript) contains a large amount of information and that the readability of the logarithmic SBL plot should be improved. We considered separating the SBL time series of each station into individual panels. However, because plotting the stations in the same panel allows direct comparison of the relative amplitudes and temporal coherence among stations, we decided to retain the multi-station plot in a single panel.
To improve readability, we revised the color scheme of the SBLs, particularly to make KSHA and KSE more clearly distinguishable. 



[Comment 40]
In Section 3.5, earthquake reclassification is performed based on the JMA catalog, but the boundary frequency between BH-type and BL-type, and the specific classification criteria for BP-type and BT-type, are not stated in the main text.

Response:
We thank the reviewer for this comment.
In the revised manuscript, we have reorganized the structure and moved the relevant description to Section 3.1 (Data).
The classification scheme used in this study follows the JMA catalog (JMA 2024), which is already cited in the manuscript, including a web page describing the event-type classification. However, we note that the publicly available documentation does not provide explicit quantitative thresholds (e.g., boundary frequencies) for distinguishing between event types. Therefore, the classification criteria cannot be described more precisely based on the available information.



[Comment 41]
Regarding the relationship between the deep deformation source (approximately 2 km northwest of Yugama, approximately 4 km depth) identified by Munekane (2021) and the shallow deformation source (directly beneath Yugama), briefly describing the correspondence with the resistivity structure shown by existing MT survey results (Matsunaga et al., 2020a, b; Matsunaga and Kanda, 2025) would make the discussion of fluid pathways more convincing.

Response:
We thank the reviewer for this helpful suggestion.
We agree that comparison with the resistivity structure revealed by previous MT studies could provide useful context for considering the relationship between the deep and shallow deformation sources. However, after further reconsideration during the revision, we decided not to include this discussion in the manuscript. Although the spatial relationship between the deformation sources and the resistivity structure may be suggestive, interpreting this relationship in terms of fluid pathways would require additional assumptions that cannot be sufficiently constrained by the present observations. We therefore chose to keep the discussion focused on the observational relationships directly supported by our data.


[Comment 42]
Line 329: “between Periods V and IV” → “between Periods V and VI”

Response:
We thank the reviewer for this comment.
In the revised manuscript, we have corrected this expression by replacing “between Periods V and IV” with a more explicit description, “between July and September 2015.”



[Comment 43]
The Abstract uses “particle motion analyses” while the main text and appendices use“polarization analysis.” The relationship between the two should be clarified, or the terminology should be unified.

Response:
We thank the reviewer for this helpful comment.
We agree that the terminology was inconsistent. In the revised manuscript, we have unified the terminology by using “polarization analysis” throughout the manuscript, including the Abstract, for consistency and clarity. 



[Comment 44]
Line 193: “noise associate with high precipitation” → “noise associated with high precipitation”

Response:
We thank the reviewer for this valuable comment.
In the revised manuscript, the detailed description of the SBL calculation procedure has been simplified following Reviewer #2’s comment, and this specific step has been omitted.



[Comment 45]
Line 600: “The smoothed SBL datasets provided as Supplementary Information.” →“The smoothed SBL datasets are provided as Supplementary Information.”

Response:
We thank the reviewer for this comment.
We have revised the manuscript accordingly.



[Comment 46]
Line 278: This is presumably information readable from Figure 5e, but without arrows or similar annotations in the figure, it is unclear where to focus attention.

Response:
We thank the reviewer for this helpful comment.
To make the relevant feature easier to identify, we revised the manuscript to explicitly refer to Fig. 6e when describing the appearance of the spectral component around 3 Hz in March 2014. We also clarified in the figure caption that the blue dashed lines indicate reference dates for the onset and development of the unrest. These revisions guide the reader to the relevant timing in the SBL spectrum.



[Comment 47]
Lines 411–412: Please also indicate the position of Yugama crater in Figure 6a.

Response:
We thank the reviewer for this comment.
We have added the position of Yugama crater to Figure 6a in original manuscript (Figure 7a in revised manuscript).



[Comment 48]
Figure S1 caption: “2013 to 2023” → “2012 to 2023”

Response:
We thank the reviewer for this comment.
We have revised the Supplementary Information accordingly (Figure S7 in revised Supplementary Information).



[Comment 49]
Figure S1 caption: Please indicate the unrest periods in the figure with arrows or similar
annotations.

Response:
We thank the reviewer for this comment.
We have added shaded areas to indicate the unrest periods (2014 and 2018) (Figure S7 in revised Supplementary Information).



Response to Reviewer #2

This manuscript describes an interesting case study of the application of the Seismic Background Level (SBL) metric to the active Kusatsu-Shirane volcanic area in Japan over an extended period of time. Volcano monitoring heavily relies on quantities that are physically meaningful, can be calculated quickly, and provide clues to the state of the volcano. A necessary condition for any metric to be useful for monitoring purposes is that there is a long baseline of observations of this metric during both quiet and active periods. This manuscript provides such a baseline for BSL at Kusatsu-Shirane, hence I expect that the manuscript is going to be of interest to the readership of Earth Planets and Space. However, I think that the biggest weakness is the way that the manuscript was organized, where at times is confusing or going back and forth. I therefore recommend publication after the authors have dealt with the number of issues I list below.

General response:
We sincerely thank the reviewer for the positive evaluation of our study and for the constructive suggestions regarding the manuscript structure. We agree that the organization of the original manuscript was sometimes difficult to follow, particularly because the Results section moved back and forth among different observations and time periods.
In response, we substantially reorganized the manuscript. The methodological descriptions of SBL, normalized SBL ratios, and SBL spectra were consolidated into a single Methods section, and the reclassification of JMA earthquakes was moved to the Data section. The Results section was reorganized chronologically, following the sequence of pre-unrest periods, the 2014 unrest, and the 2018 unrest, so that the relationships among SBL, seismicity, and ground deformation can be followed more clearly. We also moved Appendices A and B to the Supplementary Information, as suggested.
These structural revisions were made before addressing the individual comments, and we believe that they have substantially improved the clarity and readability of the manuscript.




SPECIFIC POINTS
[Comment 1]
As I mentioned before, how the manuscript is organized is the biggest problem: Sections 3.2-3.4 can be combined in one section that will describe all the theory of BSL and its attributes - I need to note that BSL is not a new method, hence very detailed descriptions are probably unnecessary since the reader can always consult the original work by Ichihara et al. (2023); I am not sure why the reclassification of JMA earthquakes must be a separate section, it is better to be absorbed in Data section; The section on Results is the most confusing of all, since it goes back and forth in time and between different observations - I suggest that you describe results by time period in a forward way (e.g., Pre-unrest, 2014 unrest, 2018 unrest etc); Section 5.2 in my opinion should belong to "Results" as a separate section and not in the "Discussion"; The discussion can consist of two subsections one talking about the relationship of BSL with volcanic activity, and another about BSL mechanism; Finally, I think that Appendix A and B (along with their Figures) should go to the supplementary material since they are not essential for understanding the main argument of the manuscript.

Response:
We thank the reviewer for this valuable and constructive comment.
We have substantially reorganized the manuscript following the reviewer’s suggestions. To clarify the structural changes, we include a correspondence table between the original and revised manuscript structures as Table R1 in this response letter. The main revisions are summarized as follows.
First, the methodological descriptions have been consolidated into a single section to improve clarity and avoid redundancy, given that the SBL method itself is not new. The reclassification of JMA earthquakes has been incorporated into the Data section.
Second, the Results section has been restructured to follow a chronological order (e.g., before 2014 unrest, 2014 unrest, 2018 unrest), rather than being organized by observation type, to improve readability.
Third, we carefully considered the reviewer’s suggestion regarding the location of the SBL vibration source (former Section 5.2). Given the relatively large uncertainty and the need for interpretation, we have retained this topic in the Discussion section and treated it within the context of the mechanism.
Finally, Appendices A and B (including their figures) have been moved to the Supplementary Information, as they are not essential for understanding the main conclusions.
For clarity, we first carried out the structural reorganization of the manuscript and then addressed the remaining reviewer comments based on the revised structure.

Table. R1. A correspondence table between the original and revised manuscript structures.
	Section
	revised
	original

	1
	1. Introduction
	1. Introduction

	2
	2. Background of Kusatsu-Shirane Volcano
2.1 Geological setting
2.2 Recent activity near the Yugama crater lake (2014–2023)
2.3 Long-term observation (late 1990s-2023)
	2. Background of Kusatsu-Shirane Volcano
2.1 Geological setting
2.2 Recent activity (2014-2023)
2.3 Long-term observation (late 1990s-2023)

	3
	3. Data and methods
3.1 Data
  Seismogram
JMA catalog
3.2 Method
SBL
SBL ratio
SBL spectra
Adaptation of frequency band
	3. Data and methods
3.1 Data
3.2 Method: Calculation of SBL
3.3 Method: Calculation of normalized SBL ratio
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