Supplementary material for: Sensitivity analysis and scaling of tsunamsis
generated by granular flows at Stromboli volcano: A numerical modeling

approach

S1 Locations of the virtual gauges

Table S1 lists the precise geographical coordinates (WGS-84 UTM Zone 33N) and the local water depths of the 11 virtual
gauges used to record the simulated tsunami waveforms around Stromboli island.

N Name X [m] Y [m| | Depth [m a.s.l]
0 | Punta dei Corvi | 516,789 | 4294442 —54
1 - 518,348 | 4295986 —46
2 - 516,788 | 4294437 —54
3 | Punta Labronzo | 518,427 | 4296006 —33
4 - 514,822 | 4299420 —1,474
5 - 514,871 | 4298650 —1,338
6 - 517,871 | 4295280 —98
7 - 521,152 | 4295020 -2

8 - 520,599 | 4295436 -9

9 Stromboli 521,020 | 4294513 —12
10 Ginostra 516,350 | 4293057 —15

Table S1. Coordinates (WGS-84 UTM Zone 33N) and local water depths of the 11 virtual gauges used to record the
simulated tsunami waveforms.

S2 Sensitivity analysis

Details of the global sensitivity analysis described in Sections 3.2, 4.2, and 5.1 of the main article are reported in the
following. In particular, Figs. S1-S12 show first order (blue) and total (orange) Sobol indices (with their confidence
interval) as obtained by using the scipy.stats.sobol_indices implementation provided by the SciPy library.

Figures S1-S3 and Tables S2-S4 are for the reference dataset; Figures S4-S6 and Tables S5-S7 are for the dataset
extended with §; Figures S7-S9 and Tables S8-510 are for the dataset extended with m¢; Figures S10-S12 and Tables
S11-S13 are for the dataset extended with D.

Figures S1, S4, S7, S10 and Tables S2, S5, S8, S11 represent the analysis performed on the whole dataset; Figures
S2, S5, S8, and S11 and Tables S3, S6, S9, and S12 refer to the dataset limited to subaerial scenarios; Figures
S3, S6, S9, and S12 and Tables S4, S7, S10, and S13 refer to the dataset limited to submarine scenarios.

The analysis is performed independently for each gauge. Subsequently, an average across all gauges is performed.
Values and confidence intervals of the resultant indices are reported in Figures S1-S12 and Tables S2-S13.

In these figures and tables, for each parameter k, first-order indices are Sy, while total indices are Sp,. Along with
these indices, the degree of non-additive sensitivity of each parameter is reported through Ay = S, — Si. It is the
difference between the total and first-order indices of the k-th parameter and measures how strongly the k-th parameter
is involved in non-additive effects. More generally, the quantity 1 — )", Sy represents the fraction of output variance
explained by all non-additive contributions. Likewise, the quantity ), S7, — 1 also reflects the presence of non-additive
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effects, although higher-order terms contribute to it with a different weight. In the present application, however, the

quantities
L DY S S D
k k k

are found to be nearly identical, indicating that non-additive effects are dominated by pairwise contributions and that
higher-order terms are negligible. In Tables S2-S13, in addition to S7,, Ay and St are reported the total Sobol indices
normalized to 1, defined as:

S
sk = 2% for the reference dataset,
St
;S
5] = ST" for the extended dataset j € [0, my, D] .
T

Table S14 compares the normalized primary indices s; (i € [V, g, p]), obtained from the reference dataset, with those
obtained from the extended datasets, namely

. J
2! i , withi e [V,q,p]and j € [§,ms, D].

=
lsj

For each primary parameter ¢, the standard deviation between s; and zf (j € [6,my, D)) is reported as o;. The same
procedure has been applied to the datasets limited to subaerial and submarine scenarios in Tables S15 and S16,
respectively. Across all cases, low values of ¢; highlight the robustness of the methodology, enabling the quantification of
the Sobol indices across all parameters with data obtained from extended datasets. More specifically, low values of o;
indicate that the normalized total sensitivities of the primary parameters are only weakly affected by the inclusion of one
additional secondary parameter, thereby supporting the use of the reduced datasets to infer the overall hierarchy of
sensitivities.

Figure S13 and Table S17 summarize the results of the sensitivity analysis, reporting the normalized total Sobol
indices Zy, across all gauges and their average. These indices provide a synthetic measure of the relative sensitivity of the
output to each parameter, while the full first-order and total Sobol indices reported in the preceding figures and tables
retain the detailed information on additive and non-additive contributions.
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First order: S =89.9%. Total order: St =110.1%.
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Figure S1. Sobol first-order (blue) and total (orange) indices across gauges, for the reference dataset. Horizontal lines
represent the average and shaded areas the confidence interval, with values reported in legend. For each parameter, the
degree of interactions with the others is quantified by Ay = Sp, — Sk, with k € [V, g, p]. Left panel is for V, central for g,

and right for p

Gauge # STV AV STq Aq STp Ap ST STV /ST STq /ST STp/ST
0 264 | 7.7 | 813 | 7.8 | 0.1 | 0.1 | 107.8 24.5 75.4 0.1
1 270|103 | 833|104 | 0.1 | 0.1 | 1104 24.4 75.5 0.1
4 21.7| 84 | 8.6 | 84 | 0.2 | 0.1 | 108.4 20.0 79.9 0.2
) 208 | 82 | 874 | 83 | 0.1 | 0.1 | 108.3 19.2 80.7 0.1
7 435 | 176 | 741 | 176 | 0.1 | 0.1 | 117.6 37.0 63.0 0.1
8 282 | 75 | 793 | 7.5 | 0.1 | 0.1 | 107.6 26.2 73.7 0.1
9 344 | 115 | 770 | 11.6 | 0.2 | 0.1 | 111.6 30.8 69.0 0.2
10 314 93 | 778 | 93 | 0.2 | 0.1 | 1094 28.7 71.1 0.2
Avg 29.2 | 10.1 | 809 | 10.1 | 0.1 | 0.1 | 110.1 26.5 73.4 0.1

Table S2. Sobol total indices S7, , interaction parameter Ay, and normalized total indices s, for the reference dataset
(k € [V,q,p]). Last row is the average across all gauges
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First order: S =98.9%. Total order: St =101.1%.
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Figure S2. Sobol first-order (blue) and total (orange) indices across gauges, for the reference dataset limited to subaerial
scenarios. Horizontal lines represent the average and shaded areas the confidence interval, with values reported in legend.
For each parameter, the degree of interactions with the others is quantified by Ay = S, — Sk, with k € [V, ¢, p]. Left

panel is for V', central for ¢, and right for p

Gauge # STV AV STq Aq STp Ap ST STV /ST STq /ST STp /ST
0 78.7 120 (23.2]20| 0.1 | 0.1 | 102.0 77.2 22.7 0.1
1 98.71 03 | 1.5 | 04| 0.1 | 0.1 | 100.4 98.3 1.5 0.1
4 927113 | 82 | 1.3 ] 0.4 | 0.1 | 101.3 91.5 8.1 0.4
5) 9321 08 | 7.2 |08 ] 04 | 0.2 | 100.9 92.4 7.2 0.4
7 987105 | 19 06| 0.1 | 0.1 | 100.6 98.1 1.8 0.1
8 94109 | 11 10| 0.5 | 0.1 | 101.0 98.4 1.1 0.4
9 99.1 1 02 | 0.7 | 02| 04 | 0.2 ] 100.3 98.8 0.7 0.4
10 9741 22 | 45 |21 ] 04 | 0.3 | 102.3 95.2 4.4 0.4
Avg 947110 | 6.1 | 1.0 0.3 | 0.1 | 101.1 93.7 6.0 0.3

Table S3. Sobol total indices S7, , interaction parameter Ay, and normalized total indices sy, for the reference dataset
(k € [V,q, p]) limited to subaerial scenarios. Last row is the average across all gauges
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First order: S =93.8%. Total order: S+ =106.3%.
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Figure S3. Sobol first-order (blue) and total (orange) indices across gauges, for the reference dataset limited to
submarine scenarios. Horizontal lines represent the average and shaded areas the confidence interval, with values
reported in legend. For each parameter, the degree of interactions with the others is quantified by A, = Sp, — Sk, with
k € [V,q, p]. Left panel is for V', central for ¢, and right for p

Gauge # STV AV STq Aq STp Ap ST STV /ST STq /ST STp/ST
0 51.1 | 42 | 532 | 43 | 0.1 | 0.1 | 1044 48.9 51.0 0.1
1 50.2 | 6.3 | 56.2 | 6.5 | 0.2 | 0.1 | 106.5 47.1 52.7 0.1
4 43.7 | 5.1 | 61.1 | 51 | 0.3 | 0.1 | 105.1 41.6 58.1 0.3
) 419 | 5.0 | 63.0 | 51 | 0.2 | 0.1 | 105.1 39.8 60.0 0.2
7 63.2 | 14.5 | 51.3 | 14.6 | 0.1 | 0.1 | 114.6 55.2 44.8 0.1
8 65.3 | 5.6 | 40.1 | 5.6 | 0.3 | 0.1 | 105.7 61.8 37.9 0.3
9 67.8 | 46 | 366 | 4.7 | 0.4 | 0.2 | 104.8 64.8 34.9 0.4
10 64.7 | 40 | 39.1| 40 | 0.3 | 0.2 | 104.2 62.1 37.6 0.3
Avg 56.0 | 6.2 | 50.1 | 6.2 | 0.2 | 0.1 | 106.3 52.7 47.1 0.2

Table S4. Sobol total indices S7, , interaction parameter Ay, and normalized total indices s, for the reference dataset
(k € [V,q, p]) limited to submarine scenarios. Last row is the average across all gauges
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First order: S = 84.3%. Total order: St =116.7%.
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Figure S4. Sobol first-order (blue) and total (orange) indices across gauges, for the dataset extended with . Horizontal
lines represent the average and shaded areas the confidence interval, with values reported in legend. For each parameter,
the degree of interactions with the others is quantified by Ay = Sy, — Sk, with k € [V, ¢, p, §]. From left to right, panels
are for V, q, p, 9, respectively

Gauge # STV Av STq Aq STp Ap STJ A(s ST STV /ST STq /ST STP/ST STJ /ST
0 241 | 89 | 8.9 109 | 0.1 |0.0]| 4.6 2.9 | 111.6 21.6 74.2 0.1 4.1
1 244 | 111|189 | 13110101 7.7 | 3.6 | 114.1 214 71.8 0.1 6.7
4 188 | 93 | 749 | 17.7 | 0.1 | 0.1 | 26.7 | 13.0 | 120.6 15.6 62.1 0.1 22.2
) 180 | 9.2 | 746 | 185 | 0.1 | 0.1 | 29.0 | 14.3 | 121.6 14.8 61.3 0.1 23.8
7 38.3 | 182 | 71.1 | 184 | 0.1 | 0.1 | 124 | 5.5 | 121.9 314 58.3 0.1 10.2
8 243 | 85 | 749|109 | 0.1 | 0.1 | 134 | 4.8 | 112.7 21.6 66.5 0.1 11.9
9 30.7 | 133|739 | 155 | 0.1 | 0.1 ] 13.3 | 6.0 | 118.0 26.0 62.6 0.1 11.2
10 269 | 10.0 | 784 | 11.2 | 0.1 | 0.1 | 74 3.2 | 1127 23.8 69.5 0.1 6.6
Avg 25.7 | 11.1 | 76.6 | 145 | 0.1 | 0.1 | 14.3 | 6.7 | 116.7 22.0 65.6 0.1 12.3

Table S5. Sobol total indices St,, interaction parameter Ay, and normalized total indices s, for the extended dataset
with k € [V, q, p, 6]. Last row is the average across all gauges
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First order: S=94.6%
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Figure S5. Sobol first-order (blue) and total (orange) indices across gauges, for the dataset extended with § and limited
to subaerial scenarios. Horizontal lines represent the average and shaded areas the confidence interval, with values
reported in legend. For each parameter, the degree of interactions with the others is quantified by A, = Sp, — Sk, with
k € [V,q,p,0]. From left to right, panels are for V, ¢, p, d, respectively

Gauge # STV AV STq Aq STp Ap ST5 A(s ST STV /ST STq/ST STP/ST ST(; /ST
0 82.7 1 24 1183|142 0.1 | 01| 4.1 | 2.8 | 105.1 78.7 17.4 0.1 3.9
1 8441 23 | 3.2 | 20| 0.1 | 0.1 | 16.1| 3.0 | 103.8 81.3 3.1 0.1 15.5
4 478 | 54 | 3.8 | 20| 0.1 | 0.1 | 554 | 6.5 | 107.2 44.6 3.6 0.1 51.7
) 445|163 | 3.3 | 19| 0.1 | 0.1 | 60.1 | 7.4 | 108.0 41.2 3.1 0.1 55.6
7 8.6 | 7.3 | 40 | 26| 0.1 | 0.1 | 19.3 | 7.3 | 108.9 78.6 3.6 0.1 17.7
8 80.2 | 28 | 28 | 1.8 | 0.2 | 0.2 | 21.0 | 3.2 | 104.2 77.0 2.7 0.2 20.1
9 81.5 32| 1.6 | 1.1 | 0.2 | 0.2 |209 | 3.8 | 104.2 78.2 1.6 0.2 20.1
10 90.2 | 24 | 39 | 34| 02 |0.2]11.0]| 3.4 | 105.3 85.7 3.7 0.2 10.4
Avg 746 | 4.0 | 5.1 | 24| 0.2 | 0.1 | 26.0 | 4.7 | 105.9 70.5 4.8 0.1 24.5

Table S6. Sobol total indices St, , interaction parameter Ay, and normalized total indices s, for the extended dataset
with k € [V, q, p, 0], limited to subaerial scenarios. Last row is the average across all gauges
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First order: S = 88.2%. Total order: St=112.9%.
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Figure S6. Sobol first-order (blue) and total (orange) indices across gauges, for the dataset extended with § and limited
to submarine scenarios. Horizontal lines represent the average and shaded areas the confidence interval, with values
reported in legend. For each parameter, the degree of interactions with the others is quantified by A, = Sp, — Sk, with
k € [V,q,p,0]. From left to right, panels are for V, ¢, p, d, respectively

Gauge # STV Av STq Aq STp Ap STJ A(s ST STV /ST STq /ST STP/ST STJ /ST
0 430 | 6.1 | 599 | 95 | 0.1 | 0.1 | 7.7 | 4.7 | 110.7 38.8 54.1 0.1 7.0
1 406 | 86 | 575 | 9.0 | 0.1 | 0.1 | 126 | 3.4 | 110.8 36.7 51.9 0.1 114
4 203 | 79 430 95 | 0.2 | 0.1 |41.6 | 9.9 | 114.1 25.7 37.7 0.2 36.5
) 276 | 81 | 425 | 10.0 | 0.2 | 0.1 | 446 | 11.0 | 114.9 24.0 37.0 0.2 38.8
7 55.5 | 16.7 | 48.1 | 15.2 | 0.1 | 0.1 | 16.6 | 6.7 | 120.3 46.1 40.0 0.1 13.8
8 442 | 6.1 | 426 | 75 | 0.2 | 0.1 | 23.3 | 54 | 1104 40.1 38.6 0.2 21.1
9 503 | 9.1 | 403 | 82 | 0.2 | 0.1 | 21.2 | 5.7 | 112.0 44.9 36.0 0.2 18.9
10 483 | 6.6 | 487 | 7.1 | 0.2 | 0.1 | 125 | 4.1 | 109.7 44.0 44.4 0.2 114
Avg 424 | 86 | 478 | 95 | 0.1 | 0.1 ] 225 | 64 | 1129 37.5 42.4 0.1 20.0

Table S7. Sobol total indices S, , interaction parameter Ay, and normalized total indices s, for the extended dataset
with k € [V, g, p, 0], limited to submarine scenarios. Last row is the average across all gauges
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First order: S =87.9%. Total order: St =112.7%.
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Figure S7. Sobol first-order (blue) and total (orange) indices across gauges, for the dataset extended with m ;. Horizontal
lines represent the average and shaded areas the confidence interval, with values reported in legend. For each parameter,
the degree of interactions with the others is quantified by Ay = S, — Sk, with k € [V, q, p, my]. From left to right, panels
are for V, q, p, my, respectively

Gauge # STV AV STq Aq STp Ap STmf Amf ST STV /ST STq /ST ST,, /ST STmf /ST
0 263 | 9.1 | 81.6 | 124 | 0.1 | 0.1 5.6 4.8 | 113.6 23.1 71.9 0.1 4.9
1 245 | 9.7 | 844|122 | 0.1 | 0.1 3.6 2.8 112.5 21.7 75.0 0.1 3.2
4 221 90 | 82.6 | 106 | 0.3 | 0.2 6.6 3.2 | 1117 19.8 74.0 0.2 6.0
5 224 93 | 829106 | 0.2 | 0.2 6.2 3.0 | 111.8 20.1 74.2 0.2 5.5
7 41.5 | 154 | 73.5 | 156 | 0.2 | 0.2 1.7 1.6 116.9 35.5 62.9 0.2 1.5
8 268 | 72 [ 80.2| 9.0 | 0.2 | 0.1 2.7 2.7 | 109.9 244 73.0 0.2 2.5
9 33.9 | 11.5 | 773 | 125 | 0.3 | 0.2 1.8 1.8 | 113.3 29.9 68.2 0.2 1.6
10 292 | 90 | 794 | 11.1 | 0.3 | 0.3 3.0 2.8 111.9 26.1 70.9 0.3 2.7
Avg 28.3 | 10.0 | 80.2 | 11.8 | 0.2 | 0.2 3.9 2.8 | 112.7 25.1 71.2 0.2 3.5

Table S8. Sobol total indices St, , interaction parameter A, and normalized total indices s, for the extended dataset
with k € [V, q, p, my]. Last row is the average across all gauges
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First order: $=96.1%

. Total order: S+ =104.4%.
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Figure S8. Sobol first-order (blue) and total (orange) indices across gauges, for the dataset extended with m; and
limited to subaerial scenarios. Horizontal lines represent the average and shaded areas the confidence interval, with
values reported in legend. For each parameter, the degree of interactions with the others is quantified by Ay = Sp, — Sk,
with k € [V,q, p, my]. From left to right, panels are for V, g, p, my, respectively

Gauge # | Sty | Av | Sr, | Aq | S1, | Ay | St | Ay | ST | Sy /ST | S1,/Sr | S1,/S7 | S13,0, /ST
0 736 | 5.2 1129 |18 | 0.1 | 0.1 19.8 5.2 106.4 69.2 12.1 0.1 18.6
1 87.2 1 1.0 1.9 | 0.5] 0.2 | 0.2 12.0 0.8 101.3 86.1 1.9 0.2 11.8
4 79.2 | 3.8 54 | 14 ] 0.6 | 0.4 | 19.8 4.2 105.0 75.4 5.1 0.5 18.9
5 81.7 | 4.0 3.9 1.0 04 | 0.3 18.8 4.2 104.8 78.0 3.8 0.4 17.9
7 97.3 | 4.1 2.9 1.1 0.3 | 0.2 4.2 3.6 104.7 92.9 2.8 0.2 4.0
8 92.7 | 4.0 3.6 1.9 0.3 | 0.2 9.1 4.4 105.7 87.7 3.4 0.3 8.6
9 96.4 | 2.0 1.6 | 0.6 | 0.6 | 0.5 4.1 2.1 102.8 93.8 1.6 0.6 4.0
10 90.6 | 2.6 3.4 | 27| 0.7 | 0.6 9.6 2.0 104.4 86.8 3.3 0.7 9.2
Avg 87.3 | 3.3 4.5 14| 04 | 0.3 12.2 3.3 104.4 83.7 4.3 0.4 11.7

Table S9. Sobol total indices St,, interaction parameter Ay, and normalized total indices s, for the extended dataset
with k € [V, q, p, my], limited to subaerial scenarios. Last row is the average across all gauges

10/28



70

First order: S =91.3%. Total order: S+ =109.5%.
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Figure S9. Sobol first-order (blue) and total (orange) indices across gauges, for the dataset extended with m; and
limited to submarine scenarios. Horizontal lines represent the average and shaded areas the confidence interval, with
values reported in legend. For each parameter, the degree of interactions with the others is quantified by Ay = Sp, — Sk,
with k € [V,q, p, my]. From left to right, panels are for V, g, p, my, respectively

Gauge # STV AV STq Aq STp Ap STmf Amf ST STV /ST STq /ST ST,, /ST STmf /ST
0 49.2 | 6.0 | 50.7 | 81 | 0.1 | 0.1 | 10.3 5.6 | 1104 44.5 46.0 0.1 9.4
1 454 | 5.8 | 564 | 7.8 | 0.2 | 0.2 6.4 2.8 108.5 41.9 52.0 0.2 5.9
4 427 | 6.0 | 1.7 | 5.7 | 0.5 | 0.3 | 128 3.1 | 107.7 39.7 48.0 0.4 11.9
5 428 | 6.3 | 528 | 5.7 | 04 | 0.3 | 11.8 2.9 | 107.8 39.8 49.0 0.4 10.9
7 62.8 | 13.3 1493 | 13.0 | 0.2 | 0.2 2.6 2.2 115.0 54.6 42.9 0.2 2.3
8 60.7 | 5.2 | 43.0| 80 | 04 | 03| 5.8 4.9 | 109.9 55.2 39.1 0.3 9.3
9 670 | 5.0 | 371 ] 6.5 | 0.5 |04 ] 3.3 3.1 | 107.9 62.1 34.4 0.5 3.1
10 59.6 | 44 | 427 | 7.3 | 0.6 | 0.5 6.0 4.3 | 108.8 54.7 39.2 0.5 5.5
Avg 938 | 65 [ 480 | 7.8 | 04 | 03| 74 3.6 | 109.5 49.1 43.8 0.3 6.7

Table S10. Sobol total indices S, , interaction parameter A, and normalized total indices si, for the extended dataset
with k € [V, q, p, my], limited to submarine scenarios. Last row is the average across all gauges
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First order: S =88.1%. Total order: St =112.6%.
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Figure S10. Sobol first-order (blue) and total (orange) indices across gauges, for the dataset extended with D. Horizontal
lines represent the average and shaded areas the confidence interval, with values reported in legend. For each parameter,
the degree of interactions with the others is quantified by Ay = S, — Sk, with k € [V, g, p, D]. From left to right, panels
are for V, q, p, D, respectively

Gauge # STV Av STq Aq STp Ap STD AD ST STV /ST STq /ST STp /ST STD /ST
0 241 | 84 | 79.0 | 13.0| 0.1 | 0.1 | 11.1 | 6.5 | 1144 21.1 69.1 0.1 9.7
1 26.8 | 9.7 | 8.1|10.71 0.1 0.1 ] 21 | 14 | 111.1 24.1 73.9 0.1 1.9
4 21.8 | 84 | 8.2 | 87 | 0.2 | 0.1 | 0.7 | 0.4 | 108.8 20.0 79.2 0.2 0.6
) 217 | 87 | 8.7 90 | 0.2 0.1 ] 0.6 | 04 | 109.1 19.9 79.5 0.2 0.5
7 40.0 | 16.7 | 746 | 19.6 | 0.1 | 0.0 | 85 | 7.5 | 123.2 32.5 60.5 0.1 6.9
8 308 | 78 | 768 | 7.8 | 0.1 | 0.1 | 05 | 0.5 | 108.2 28.4 71.0 0.1 0.5
9 36.2 | 12.7 | 758 | 126 | 0.2 | 0.1 | 1.0 | 0.7 | 113.2 32.0 67.0 0.2 0.9
10 316 1102 | 779|113 | 0.1 | 0.1 | 3.5 | 3.0 | 113.1 27.9 68.9 0.1 3.1
Avg 291|103 | 799|116 | 0.1 | 0.1 | 3.5 | 2.5 | 112.6 25.8 70.9 0.1 3.1

Table S11. Sobol total indices St, , interaction parameter Ay, and normalized total indices sj, for the extended dataset
with k € [V, q, p, D]. Last row is the average across all gauges

12/28



First order: S =96.3%. Total order: S+ =104.0%.
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Figure S11. Sobol first-order (blue) and total (orange) indices across gauges, for the dataset extended with D and
limited to subaerial scenarios. Horizontal lines represent the average and shaded areas the confidence interval, with
values reported in legend. For each parameter, the degree of interactions with the others is quantified by Ay = Sp, — Sk,
with k € [V, q, p, D]. From left to right, panels are for V, g, p, D, respectively

Gauge # | S1y | Av | S | g [ S1, [ B, [ S | An | Sr | S /57 | S,/ | 51,/ | S1 /S
0 628 | 47 | 57 | 10| 0.2 | 0.2 | 36.6 | 4.6 | 105.3 | 59.6 5.5 0.2 34.8
1 896 | 1.3 | 49 | 13| 0.1 01| 7.8 1.7 | 102.4 87.5 4.8 0.1 7.6
1 926 | 08 | 63 |09 05 01| 1.8 | 05 |101.2| 915 6.3 0.5 1.8
5 940 | 05 | 49 | 0.7] 05 | 02| 1.6 | 05 | 101.0 | 93.0 49 0.5 1.6
7 882 | 88 | 1.3 |06 | 0.1 | 0.1 | 19.6 | 87 | 109.1 80.8 1.2 0.1 17.9
8 99.0 | 26 | 1.5 | 1.0 | 04 | 0.1 | 2.1 1.9 | 103.0 96.1 14 0.4 2.1
9 986 | 1.6 | 0.7 [ 03] 05 | 02| 2.0 | 1.5 | 101.8 | 968 0.7 0.5 2.0
10 92.7 1 6.3 | 26 | 22| 0.2 | 0.2 | 125 | 6.5 | 108.0 85.8 2.4 0.2 11.6
Avg 89.7 133|135 |10] 03 |0.1|10.5 | 3.2 | 104.0 86.2 3.4 0.3 10.1

Table S12. Sobol total indices S, , interaction parameter A, and normalized total indices si, for the extended dataset
with k € [V, q, p, D], limited to subaerial scenarios. Last row is the average across all gauges
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First order: S =91.4%. Total order: S+ =109.5%.
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Figure S12. Sobol first-order (blue) and total (orange) indices across gauges, for the dataset extended with D and
limited to submarine scenarios. Horizontal lines represent the average and shaded areas the confidence interval, with
values reported in legend. For each parameter, the degree of interactions with the others is quantified by Ay = Sp, — Sk,
with k € [V, q, p, D]. From left to right, panels are for V, g, p, D, respectively

Gauge # STV AV STq Aq STp Ap STD AD ST STV /ST STq /ST STp /ST STD /ST
0 428 | 59 | 482 | 9.1 | 0.2 | 02| 203 | 7.1 | 1115 38.4 43.2 0.2 18.2
1 509 | 5.5 | 526 | 69 | 0.2 | 0.2 | 40 | 2.2 | 107.6 47.3 48.8 0.2 3.7
4 432 | 52 |60.8| 54 | 03 | 01| 1.3 | 0.6 | 105.7 40.9 57.5 0.3 1.3
) 425 | 55 | 622 | 59 | 03 | 0.1 | 1.1 0.6 | 106.1 40.1 58.6 0.3 1.1
7 59.0 | 16.6 | 50.7 | 16.9 | 0.1 | 0.1 | 12.7 | 9.0 | 1224 48.2 41.4 0.1 104
8 683 | 41 | 351 39 | 03 ]01] 1.1 1.1 | 104.8 65.2 33.5 0.3 1.1
9 678 | 59 | 365 | 54 | 04 | 02| 1.8 | 1.0 | 1064 63.7 34.3 0.3 1.7
10 632 | 64 | 405 | 75 | 02 02| 71 | 5.6 | 111.0 56.9 36.5 0.2 6.4
Avg 54.7 |1 6.9 | 483 | 76 | 0.2 | 0.1 | 6.2 | 3.4 | 109.5 50.0 44.1 0.2 5.7

Table S13. Sobol total indices St , interaction parameter Ay, and normalized total indices sj, for the extended dataset
with k € [V, q, p, D], limited to submarine scenarios. Last row is the average across all gauges
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Sq Sq Sq Sp Sp Sp

1—ss l—smf 1—sp

0 24.5 225 24.3 23.3 08| 754 774 75.6 76.5 0.8 0.1 0.1 0.1 0.1 0.0
244  23.0 22.4 246 09 | 75.5 77.0 77.5 753 09101 0.1 0.1 0.1 0.0
20.0 20.0 21.1 20.1 041|799 79.8 787 79.7 05102 0.1 0.3 0.2 0.0
19.2 194 21.2 20.0 0.8 | 80.7 804 78.5 799 0801 0.1 0.2 0.2 0.0
37.0 35.0 36.0 349 08| 63.0 64.9 63.8 65.0 09|01 0.1 0.2 0.1 0.0
26.2  24.5 25.0 28.6 1.6 | 73.7 754 74.8 71.3 16|01 0.1 0.2 0.1 0.0
30.8 293 304 323 1.0|69.0 706 69.3 676 1.1 |02 0.1 0.3 0.2 0.0

10 28.7 255 26.8 288 14 | 711 744 72.9 711 14102 0.1 0.3 0.1 0.1

Avg 26.5 25.1 26.0 26.7 0.6 | 73.4 T74.8 73.8 73.2 06|01 0.1 0.2 0.1 0.0
Table S14. Comparison of the normalized total Sobol indices of the primary parameters, and their standard deviation
oi, i € [V, q, pl, across the 4 datasets. Values are in %

Sy Sy LAY
Gauge # | sv 125 Tsn;, T-sp 7V | S T-5; T-s,, T-sp %4 | % Op

O 00| | U W= =

Gauge 7 | sy 15—‘;5 1—3‘;/,,,, f 13‘;]3 ov | $q 115 1—ésqm ; 1—57% Oq | Sp 1i7pg5 1—29,,,, ; 1—57;) Op
0 77.2 81.9 85.0 914 52| 227 18.1 14.9 8.4 52 (0.1 0.1 0.1 0.3 0.1

1 98.3 96.2 97.7 947 14| 15 3.6 2.1 5.1 1.4 | 0.1 0.1 0.2 0.1 0.0

4 91.5 924 93.0 93.1 0.7 8.1 7.4 6.3 6.4 0.7 104 0.2 0.7 0.5 0.2

5 924 92.8 95.0 945 11| 7.2 6.9 4.6 4.9 1.1 | 04 0.3 0.5 0.5 0.1

7 98.1 95.5 96.8 98.5 1.2 1.8 4.4 2.9 1.4 1.1 ] 0.1 0.1 0.3 0.1 0.1

8 98.4 96.4 95.9 98.2 1.1 1.1 3.3 3.8 1.5 1.1 |04 0.3 0.3 0.4 0.1

9 98.8 97.8 97.7 98.8 0.5 | 0.7 2.0 1.7 0.7 05104 0.3 0.6 0.5 0.1

10 95.2  95.6 95.6 97.1 0.7 | 44 4.1 3.6 2.7 0.7 104 0.2 0.8 0.2 0.2
Avg 93.7 934 94.7 959 1.0 6.0 6.4 4.8 3.7 1.0 | 0.3 0.2 0.4 0.3 0.1

Table S15. As Tab. S14 but limited to subaerial scenarios

Gauge 7 | sy 1i‘;5 1—&:;/mf 5 OV | Sq 125 1_ssqu 12,3 Oq | Sp 125 1—21” 152D Op
0 48.9 41.7 49.2 46.9 3.0 | 51.0 58.2 50.7 52.8 3.0 | 0.1 0.1 0.1 0.3 0.1

471 414 44.5 49.1 2.9 | 52.7 585 59.3 50.7 2.9 | 0.1 0.1 0.2 0.2 0.0
41.6 404 45.0 41.4 1.7 | 58.1 594 54.5 58.3 1.8 ] 0.3 0.3 0.5 0.3 0.1
39.8 39.3 44.6 40.5 2.1 | 60.0 60.5 55.0 59.2 2202 0.3 0.4 0.3 0.1
55.2  53.5 55.9 53.7 1.0 | 44.8 46.4 43.9 46.2 1.0 | 0.1 0.1 0.2 0.1 0.0
61.8 50.8 58.3 65.9 55| 379 49.0 41.3 33.8 5.6 | 0.3 0.2 0.4 0.3 0.1
64.8 554 64.1 64.8 4.0 | 349 444 35.5 349 40|04 0.2 0.5 0.4 0.1

10 62.1 49.7  57.9 60.8 4.8 | 376 50.2 41.5 39.0 4903 0.2 0.6 0.2 0.2

Avg 52.7 46.9 52.7 53.0 2.6 | 47.1 53.0 47.0 46.8 2.6 | 0.2 0.2 0.4 0.2 0.1
Table S16. As Tab. S14 but limited to submarine scenarios

O| 00| | U | =
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Figure S13. Normalized total Sobol indices for all datasets (left), subaeril (center), and submarine (right)

GH[ Zv Zy Z, Zs Zm, Zp | Zv Zg Zy Zs Zm; %o | Zv Zg 2, Zs Zm, Zp
0 [197 634 01 36 43 89 465 89 0.0 23 127 296|333 380 0.1 53 74 159
1 210 679 01 64 29 17691 22 01 131 96 59 |37.0 442 0.1 104 51 3.2
4 [150 587 01 210 47 05399 30 02 461 100 08 | 245 334 02 333 78 0.8
5 | 145 580 0.1 227 43 04 |37.7 24 02 504 88 07 | 232 332 02 359 69 06
7 297 534 01 94 12 62659 18 01 145 29 148|420 349 0.1 123 18 8.9
8 [224 634 01 115 22 04711 18 03 184 69 16 | 444 304 02 201 42 08
9 [267 600 02 110 14 08| 749 10 03 191 32 15 | 485 292 03 182 25 14
10 | 243 641 01 62 24 28 |7.1 28 03 86 7.5 97 |459 335 03 103 4.6 55

Avg | 217 611 01 115 29 27 |595 30 02 216 7.7 81 |37.4 346 02 182 50 46

Table S17. Normalized total Sobol indices for all datasets (left), subaeril (center), and submarine (right)
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S3 Integrated waveforms

In addition to the maximum wave height H, we characterized the tsunami impact using integrated metrics that account
for the overall temporal evolution and persistence of the positive wave phases. This allows us to verify if the information
content of the waveforms and their response to different landslide parameters remain consistent when considering the
entire signal duration rather than just the peak amplitude. Specifically, we defined two parameters:

1. wgy: the time-averaged positive wave height computed over a fixed 300 s window starting from the first instance
the signal exceeds a threshold ¢ = 0.001 m. Within this window, negative values are set to zero, so that the average
reflects the integrated contribution of the positive signal normalized by the window duration.

2. wy: the average height calculated exclusively over the time intervals where the signal is positive (> €), isolating the
average magnitude of the tsunami positive phases across the record.

An example of these metrics applied to the synthetic waveforms is illustrated in Fig. S14. These metrics provide
complementary insights: wo4 quantifies the mean impact within a predefined post-trigger timeframe, while w4
characterizes the persistent magnitude of the wave crests. To ensure the robustness of the physical trends identified in the
main text, we repeated the volume-scaling fits using wgy, as the target variable. The results, shown in Figs. S15-S18,
demonstrate that the functional dependence on volume (linear for submarine and logarithmic for subaerial sources) as
well as the relative variability driven by secondary parameters, are nearly identical to those obtained for H. This
consistency confirms that H is a reliable and representative proxy for the overall tsunamigenic potential of the simulated
granular flows.
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Figure S14. Example of tsunami waveforms recorded at synthetic gauges showing positive (blue) and negative (red)
wave phases. The dashed blue line (w4 ) represents the time-averaged wave height computed over a fixed 300 s window
starting at g, the first instance when the signal exceeds a threshold € = 0.001 m. Within this window, negative values are
set to zero, so that the average reflects only the integrated contribution of the positive signal, normalized by the window
duration. The w4 values (dashed red line) correspond to the average wave height calculated only over time intervals
where the signal is positive (> ¢), excluding all negative or zero values. These metrics provide complementary insights:
wo+ quantifies the mean impact within a predefined post-trigger timeframe, while w, isolates the average magnitude of
the tsunami positive phases across the entire record. As discussed in the main article, our analysis using these metrics
yielded trends nearly identical to those obtained by considering only the maximum wave height
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Figure S15. Variability of wo as a function of the landslide volume for a fixed submarine position (B7, see Fig. S1 in the
main article). The wave height is shown for 6 different configurations of friction angles (6, = d3 = {5, 10, 15, 20, 25, 30}°,
represented by different colors) and 3 different granular mass densities (1700, 2000, and 2500 kg/m?, represented by
symbols: circles, squares, and triangles, respectively). my is fixed at 1072 m~!. In each subplot, Eq. 2 (see main article) is
used to fit all the reported scenarios (solid line), and the maximum and minimum (dashed lines) among the wg recorded
for each volume across the parameter space. These fits provides best values and variability of aios and e (reported
in legend). The normalized fit error o, represents the residual error divided by the number of data points, while o,
measures the relative difference between the maximum and minimum fitted values, normalized by their sum
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Figure S16. Variability of woy as a function of the landslide volume for a fixed subaerial starting position (B0, see Fig.
S1 in the main article). The results are shown for different friction angles (§; = d5 = {5, 10, 15, 20, 25, 30}°; colors) and
densities (1700, 2000, and 2500 kg/m?; symbols) with my fixed at 1072 m~!. In each subplot, Eq. 2 (see main article) is
used to fit all the reported scenarios (solid line), and the maximum and minimum (dashed lines) among the wqy recorded
for each volume across the parameter space. These fits provides best values and variability of cieg and ayer (reported in
legend). The normalized fit error o, and the relative difference o, are also reported in each subplot. A logarithmic trend
is observed for all gauges, causing the slopes of the fit at V = 0 (a1og) and V = 30 x 10°m? (auer) to differ
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Figure S17. Variability of wyt as a function of the landslide volume for a fixed submarine position (B7, see Fig. S1
in the main article). The wave height is shown for 5 different configurations of m (1071,1072,1073,1074,107° m~1,
represented by different colors) and 3 different granular mass densities (1700, 2000, and 2500 kg/m?, represented by
symbols: circles, squares, and triangles, respectively). d; is fixed at 15°. In each subplot, Eq. 2 (see main article) is used
to fit all the reported scenarios (solid line), and the maximum and minimum (dashed lines) among the w4 recorded
for each volume across the parameter space. These fits provides best values and variability of aios and e (reported
in legend). The normalized fit error o, represents the residual error divided by the number of data points, while oy,
measures the relative difference between the maximum and minimum fitted values, normalized by their sum. As expected,
when the fit is linear, both slopes coincide
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Figure S18. Variability of woy as a function of the landslide volume for a fixed subaerial starting position (B0, see Fig.
S1 in the main article). The results are shown for different my (1071,1072,1073,107*,107% m~!; colors) and densities
(1700, 2000, and 2500 kg/m?; symbols) with d; fixed at 15°. In each subplot, Eq. 2 (see main article) is used to fit all the
reported scenarios (solid line), and the maximum and minimum (dashed lines) among the wg. recorded for each volume
across the parameter space. These fits provides best values and variability of ceg and ayer (reported in legend). The
normalized fit error o, and the relative difference o, are also reported in each subplot. A logarithmic trend is observed
for all gauges, causing the slopes of the fit at V = 0 (auog) and V = 30 x 105 m? (auer) to differ
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S4 Wave height dependence on source volume and elevation

Following the methodology described in Section 4.2 of the main article, we analyzed the relationship between maximum
wave height H and landslide volume V' by calculating best-fitting coefficients for each extended dataset and source
elevation. Specifically, for each gauge, the coefficients auog and ayer (for subaerial sources) and the linear coefficient oy
(for submarine sources) were computed while allowing slide density p and one secondary parameter (§,m¢, or D) to vary.
Figures S19-S21 show the resulting coefficients as a function of submergence depth s for subaerial scenarios, derived
from the datasets extended with friction angles §, landslide-water coupling my, and source azimuth D, respectively.
Similarly, Figures S22-S24 report the coefficients for submarine scenarios across the same 3 extended datasets. In these
plots, dots represent the best-fit values, while the shaded bars indicate the uncertainty band defined by the maximum and
minimum coefficients obtained across all parameter combinations. These detailed analyses provided the basis for the
averaged scaling laws and uncertainty ranges presented in the main text (e.g., Figs. 11 and 12 of the main article).
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Figure S19. Volume dependence coefficients for subaerial sources as functions of submergence s = —q, for the

extended dataset with landslide friction angles . The analysis includes 6 different configurations of friction angles
(61 = 03 = {5,10,15,20,25,30}°) and 3 different granular mass densities (1700, 2000, and 2500 kg/m?). m; is fixed at
102 m~!, and D corresponds to transect B in Fig. 1 of the main article. Red dots and bars show the best-fit values
and corresponding max—min ranges for ajog, whereas blue dots and bars show those for a,er. Horizontal lines denote the
best-fit constant values obtained from these coefficients and ranges (values reported in the legend)
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Figure S20. Volume dependence coefficients for subaerial sources as functions of submergence s = —q, for the extended

dataset with landslide-water coupling m. The analysis includes 5 different values of my (1071, 1072,1072,107%,10°
m~1) and 3 different granular mass densities (1700, 2000, and 2500 kg/m?). § set is fixed at [10, 15,10]°, and D corresponds
to transect B in Fig. 1 of the main article. Red dots and bars show the best-fit values and corresponding max—min ranges
for ajog, whereas blue dots and bars show those for a.r. Horizontal lines denote the best-fit constant values obtained

from these coefficients and ranges (values reported in the legend)
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Figure S21. Volume dependence coefficients for subaerial sources as functions of submergence s = —q, for the extended

dataset with source azimuth D. The analysis includes 3 different source azimuths (312°,320, 2°,327.9°, corresponding
to transect A, B, and C, respectively, in Fig. 1 of the main article) and 3 different granular mass densities (1700, 2000,
and 2500 kg/m?). Friction angles are fixed at [10,15,10]°, and my is fixed at 1072 m~'. Red dots and bars show the
best-fit values and corresponding max-—min ranges for aj,g, whereas blue dots and bars show those for a,.f. Horizontal
lines denote the best-fit constant values obtained from these coefficients and ranges (values reported in the legend)
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Figure S22. Dependence of the linear coefficient o on submergence depth s for submarine sources, for the extended
dataset with landslide friction angles 6. The analysis includes 6 different configurations of friction angles (61 = d3 =
{5,10,15,20,25,30}°) and 3 different granular mass densities (1700, 2000, and 2500 kg/m?). my is fixed at 1073 m™!,
and D corresponds to transect B in Fig. 1 of the main article. Red dots denote best-fit coefficients; shaded red bars
indicate the range between the maximum and minimum coefficients. Black curves are exponential fits (Eq. 4 in the main
article), all with sg = 191 m. Legend entries give the values of ag as obtained by fitting central, maximum and minimum
coefficients
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Figure S23. Dependence of the linear coefficient o on submergence depth s for submarine sources, for the extended
dataset with landslide-water coupling m. The analysis includes 5 different values of my (1071, 1072,1072,107%,10°
m~1) and 3 different granular mass densities (1700, 2000, and 2500 kg/m?). § set is fixed at [10, 15,10]°, and D corresponds
to transect B in Fig. 1 of the main article. Red dots denote best-fit coefficients; shaded red bars indicate the range
between the maximum and minimum coefficients. Black curves are exponential fits (Eq. 4 in the main article), all with
so = 191 m. Legend entries give the values of ag as obtained by fitting central, maximum and minimum coefficients
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Figure S24. Dependence of the linear coefficient o on submergence depth s for submarine sources, for the extended
dataset with source azimuth D. The analysis includes 3 different source azimuths (312°, 320, 2°,327.9°, corresponding to
transect A, B, and C, respectively, in Fig. 1 of the main article) and 3 different granular mass densities (1700, 2000, and
2500 kg/m?). Friction angles are fixed at [10,15,10]°, and my is fixed at 1073 m~!. Red dots denote best-fit coefficients;
shaded red bars indicate the range between the maximum and minimum coefficients. Black curves are exponential fits (Eq.
4 in the main article), all with sp = 191 m. Legend entries give the values of ag as obtained by fitting central, maximum
and minimum coefficients

27/28



S5 Friction of the granular flow

A plot of the function u(hg, |uyl) is displayed in Fig. S25, when 6; = 10°, 62 = 15°, 3 = 10°.
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Figure S25. Pouliquenne-Forterre friction coefficient as a function of flow thickness hy and velocity |ug|. The thick solid
line highlights the transition between fast-thin (u ~ tands ~ 0.268) and slow-thick flows (u ~ tand; ~ 0.176), see Eq. A5

in the main text. The thin dotted line marks the condition F'r = 3
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