
1. Introduction
Although only about 5% of tsunamis have been generated by volcanic eruptions, these tsunamis caused 
approximately 25% of all the deaths associated with volcanic eruptions (Latter, 1981; Mastin & Witter, 2000). 
Compared with tsunamis generated by subaerial volcanic eruptions, tsunamis generated by submarine vol-
canic eruptions are more complicated and less studied by researchers. This is because a number of poorly 
understood processes combine to produce sudden and dynamic effects. First, the source properties of sub-
marine volcanic eruptions are still poorly understood (White et al., 2015) despite direct observations of the 
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destruction well beyond the range of the eruption itself. Here, we present a series of underwater eruption 
experiments in which a non-condensing gas was injected into a water tank with a range of water depths 
and applied pressures. This study proposes an effective scaled water depth and categorizes underwater 
eruptions into three types: deep-water eruptions, intermediate-water eruptions, and shallow-water 
eruptions. In deep-water eruptions, most of the energy is dissipated within the water column before 
the plume reaches the surface, and negligible waves are generated. In intermediate-water eruptions, 
reductions in water depth reduce the loss of energy to the water column, leaving more energy available for 
wave generation. This causes an increase in wave heights as water shallows, up to a point. In sufficiently 
shallow-water cases, the water depth is so small that almost all of the energy from the eruptive jet 
or plume passes through the water and is dissipated into the air, so there is only small wave-making 
potential, even with relatively intense source strength. Therefore, there exists a critical water depth at 
which an eruption with a given source intensity will generate the largest waves. That depth lies at the 
boundary between the intermediate- and shallow-depth regimes, where the energy available for wave 
generation is at a maximum. This research reveals fundamental wave generation mechanisms related 
to underwater gas eruptions, thereby extending our understanding of submarine volcanic tsunami 
generation and providing a foundation for future hazard assessment.

Plain Language Summary Tsunamis are most often generated by seafloor motion due to 
earthquakes. However, tsunamis generated by underwater volcanic eruptions are less common and are 
often underestimated by researchers. In order to study the waves generated by short-lived underwater 
volcanic eruptions, we injected compressed air from a submerged vent into a tank filled with water in 
the laboratory. We find that for an eruption of a given source intensity, the maximum wave heights first 
increase and then decrease as water depths increase from shallow to deep. This is because the ejected 
jet passes through the free surface and its energy is lost in air in shallow-water depths, while most of the 
energy is lost underwater during the plume motion in deep-water depths. Therefore, there is an optimal 
depth where an eruption with a given source intensity can generate the largest waves. These results 
are significant because they show the most dangerous conditions in tsunamis generated by submarine 
volcanic eruptions. The riskiest conditions need to be better accounted for in the future tsunami risk 
assessments.
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vents of two very small submarine eruptions in deep water (NW Rota-1, Mariana arc and West Mata, Tonga 
arc) (Resing et al., 2011; Walker et al., 2008). Second, when volcanic substances erupt out of a vent, a wide 
range of uncertainties exists regarding the heterogeneous materials, such as their rheologies, temperatures, 
and phases. It is also challenging to characterize the interaction between water and these substances, and 
to quantify how this interaction affects surface wave generation. Finally, the complex bathymetry of a sub-
merged volcano and its surroundings affects wave properties during propagation.

Submarine volcanoes produce about 75% of the annual volcanic deposit outputs (Crisp, 1984). Since it is dif-
ficult to detect and observe the submarine volcanic eruptions, these eruptions account for only 8% of all the 
documented eruptive activities (Mastin & Witter, 2000). Among these rare recorded cases, three underwater 
volcanic eruptions with corresponding wave data are relatively well documented. Stehn (1929) documented 
the eruption of Anak Krakatau from 1928 to 1929 and photographed various shapes of fountains observed 
on the free surface. Stehn (1929) also recorded the transmission time of waves from the source location to 
surrounding islands with known distances. In September 1952, the Myojin-Sho volcano erupted several 
times and the corresponding time series data of wave heights were recorded by a wave gauge located 130 km 
away from the explosion point (Nakano et al., 1954). A part of the 1996 sublacustrine eruption in Karym-
skoye Lake was recorded by a video camera (Murav'ev et al., 1997) and the heights of the tsunami run-up 
around the lake were collected by Belousov and Belousova (2001).

During the last 50 years, several theoretical, numerical, and experimental investigations have been conduct-
ed to study the waves generated by underwater eruptions or explosions. In analytical studies, to simplify 
the complex mechanisms, Le Méhauté (1971) divided the whole process into two stages: (1) calculating the 
shape and the size of a free-surface cavity induced by an underwater explosion; (2) using the cavity volume 
to introduce the initial free-surface disturbance into the continuity equation and analyzing the charac-
teristics of wave generation and propagation. Egorov (1990) combined the two steps by adding a source 
term (eruptive intensity as a function of time) to the continuity equation to simulate the effect of source 
dynamics on the water surface. Duffy (1992) further developed this model by taking seabed elasticity and 
fluid compressibility into consideration. Seawater compressibility slightly decreased the wave celerity and 
the elastic seabed resulted in an initial steep trough in the water surface rather than a ridge as predicted 
by many rigid seabed solutions. The above theoretical models greatly simplify the source mechanisms and 
assume wave linearity. The linear wave theory assumption will limit the range of wave heights that can be 
modeled realistically using these approaches.

A number of numerical studies extended the initial water disturbance model of Le Méhauté  (1971) by 
incorporating complicated bottom bathymetry and non-linear wave theories to simulate subaqueous vol-
canic tsunami hazards in the field. For example, using the tsunami modeling package COMCOT (Cornell 
multi-grid coupled tsunami model), researchers simulated the different cases of submerged explosions and 
related tsunamis in Lake Karymskoye (Ulvrová et al., 2014), Kolumbo submarine volcano in the Aegean Sea 
(Ulvrova et al., 2016), and Lake Taal Caldera (Paris & Ulvrova, 2019), respectively. Chang and Wang (2015) 
developed a three-dimensional fully nonlinear wave model to simulate wave motions caused by different 
types of water jets generated at the bottom boundary (instantaneous jets, initial transient jets, and periodic 
transient jets). This nonlinear model was compared with a linear wave model (Levin & Nosov, 2009) for the 
case of an instantaneous jet. The comparison showed that the nonlinearity increased the wave height and 
celerity for a bottom jet whose diameter was more than twice the water depth. The two models showed a 
fairly good agreement when the diameter of the bottom orifice was less than three-fifths of the water depth. 
Currently, it is uncertain how well these idealized numerical and theoretical studies capture the essential 
physical details of subaqueous eruptions, and these details are needed to replicate tsunami generation. 
Details are needed because field data from historical events are commonly limited to observations of foun-
tains on the free surface, calderas after eruptions, pyroclastic deposits, acoustic pressure wave data, tsunami 
deposits from wave run-up, and far-field tide gauge recordings. Researchers lack observations of the subma-
rine volcanic eruptions themselves, or spatially resolved wave data from either the near-source region or the 
far-field. Experimental studies provide an excellent opportunity to advance the understanding of submarine 
volcanic tsunamis and provide validation data for theoretical and numerical models.

Laboratory experiments addressing waves generated by underwater explosive eruptions can be divided 
into two groups: explosion experiments and jet experiments. In subaqueous explosion experiments, wave 
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characteristics depend on four key factors: total explosive energy, explosion depths, water depths, and stand-
off horizontal distances (Le Mehaute & Shen, 1996). Prasetya (1998) used a physical model of the Krakatau 
volcano and its surrounding submarine topography to reproduce the 1883 Krakatau tsunamis in the labo-
ratory. They placed explosive materials in the target area (Krakatau caldera) to study the characteristics of 
underwater explosion generated waves. Their results showed that the leading wave propagated as a stable 
solitary wave and the trailing waves were more dispersive. Contrary to their expectations, the wave heights 
did not increase with increases in explosive intensity. Stepanov and Navagin (1966) investigated fountain 
development due to shallow submerged explosions and found that there is an optimal explosion depth 
(roughly 60% of water depth) at which an explosion would generate the maximum mass of water in the 
fountain. Craig (1974) also found that the maximum wave heights would be generated when an explosion 
occurred at two-thirds of total water depth toward the bottom by carrying out a suite of underwater det-
onation experiments. Stepanov and Navagin (1966) and Craig (1974) found the optimal explosion depth 
using experiments with one explosive energy. It is still unclear whether the optimal explosion depth would 
change with different explosive energy. One difference between explosion experiments and jet experiments, 
addressed below, is that energy can transmit laterally in explosion experiments while energy only propa-
gates upward in jet experiments. In the field, the eruptive activities of two eruptions (NW Rota-1 and West 
Mata) observed near the source were mainly driven by expanding magmatic gases, with truly explosive 
activities, rare and weak (Chadwick Jr et al., 2008; Resing et al., 2011). Although both source types (jet-type 
and explosion-type) exist in a spectrum of possible mechanisms that could be used to simulate an underwa-
ter volcanic eruption, the lack of explosive activities in the field observations, along with the innumerable 
subaerial observations of eruptive jets supports the use of jet experiments to advance the understanding of 
these phenomena (Siebert et al., 2011).

Jet-type experiments can be classified into two broad categories in terms of erupting materials: water jet 
experiments and gas jet experiments. Most previous jet-type experiments concentrated on the character-
istics of underwater eruptions, such as flow regimes (Bie et al., 2016; Hoefele & Brimacombe, 1979), mo-
tion of jet fronts (Chojnicki et al., 2015; Verolino et al., 2018), and flow structures (Chojnicki et al., 2014; 
Drew, 2011). Only a few studies focused on free surface motion. In water jet experiments, depending on 
the ratio of jet velocity to water depth, Maurel et al. (1997) observed three surface disturbance regimes in 
sequence: a stationary “bump”, a self-sustained oscillation regime, and an oscillation characterized by a 
frequency spectrum. However, in reality, volcanoes do not erupt jets of water. They are driven by magmatic 
heat (e.g., boiling) and volcanic liquids in supercritical or vapor states. Therefore, gas jet experiments are 
considered to be more representative experiments for simulating underwater volcanic eruptions than water 
jet experiments, although the thermal effects and condensation are not reproduced by experiments using 
jets of non-condensing gases (e.g., air into water). Shen et al. (2021) injected compressed air into water with 
a range of source pressures and water depths to study fountain generation regimes produced by submerged 
eruptions. In their experiments, they observed three different fountain shapes (domes, fingers, and a tran-
sition between them) which are consistent with field observations such as the Myojin-Sho eruption in 1952 
and the subaqueous eruptions in Lake Karymskoye in 1996.

In reality, volcanic tsunamis can spread or even multiply the destructive effect of an eruption to consider-
able distances beyond the volcano. Although a few previous studies involved the free surface disturbances 
generated by underwater eruptions, comprehensive research on the effects of source intensities and water 
depths on waves generated at the free surface has not been undertaken. Our aim is to develop a deep under-
standing of the properties of underwater-eruption-generated tsunamis.

This paper uses laboratory experiments to investigate the waves generated by discrete underwater erup-
tions. Based on the tested water depths and source strengths, we present an effective scaled water depth and 
classify underwater eruptions into three cases (deep-water eruptions, intermediate-water eruptions, and 
shallow-water eruptions). For an eruption with a given source intensity, there exists a critical water depth 
associated with the most effective wave generation. Based on our experimental results, the sublacustrine 
volcanic eruptions in Lake Karymskoye are classified as extremely shallow-water eruptions, implying that 
increasing the size of the volcanic eruption would not have generated larger waves.
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2. Experimental Method
2.1. Setup and Scaling

Experiments were conducted in the Fluid Mechanics Laboratory at the University of Auckland. Figure 1 
shows the experimental apparatus. A glass-sided tank (4.67  m long, 1.8  m wide, and 1  m deep) with a 
circular orifice (0.013 m diameter) at the bottom was employed in the study. An air compressor provided 
compressed air with pressure varying between 0 and 800 kPa, recorded by a pressure transducer at a fre-
quency of 400 Hz. Air flow was regulated by a solenoid valve with a switching time of 0.1 s. Although the 
air compressor in this paper replaced the air cylinder in Shen et al. (2021), the gas injection system is con-
sistent between the two setups, because the air compressor did not do any work during the experiments and 
the two-valve system was still used in this study. In our experiments, compressed air with different initial 
pressures was released from a tube with a fixed volume of 0.42 L for 0.1 s. The released volumes of the gas 
are consistent between experiments with the same initial pressures (Table 1). In this study, the eruption 
duration was kept the same (0.1 s) for short-lived eruptions, but the initial pressure and released volume 
could not vary independently. Future experiments can keep the same decompressed volume of gas by using 
a small tube volume for a high-pressure test and a large tube volume for a low-pressure test to study their 
separate impact on the properties of jet-plume evolution and wave generation. In this way, the eruption du-
ration would vary from one experiment to another (i.e., longer eruption duration for a low-pressure case and 
shorter eruption duration for a high-pressure case). Wave gauges recorded data at a frequency of 128 Hz at 
the eight locations shown in the plan view of Figure 1. To get more repeatable wave properties, the nearest 
gauges (G4 and G5) were located at 0.3 m away from the source, because the wave fields were easily influ-
enced by the fountains and splashes within 0.3 m. To limit the effects of reflections, gauges G2 and G7 were 
set at 0.7 m away from the center. Gauges G1 and G8 were located at the edge of the tank to measure the 
time at which waves reached the boundary. A Phantom Digital high-speed video camera with 1,280 × 800 
pixel resolution recorded the eruption process at 1,000 fps.

Scaling issues are discussed in Shen et al.  (2021). Compared with previous experimental setups (Mader 
et al., 1994; Maurel et al., 1997; Verolino et al., 2018; Shen et al., 2021), the larger size of our tank allowed us 
to study the generated waves for a longer duration without contamination by reflected waves.
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Figure 1. Experimental apparatus for generating high-pressure gas eruptions, including a plan view to show the layout 
of the wave gauges.
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2.2. Experimental Groups

We conducted 21 experiments using water depths from 15 to 80 cm and initial pressures from 100 to 300 kPa 
(Table 1). Compared to the parameter space used in Shen et al. (2021), we kept the same range of the initial 
pressures but varied the water depths over a wider range, as we sought to determine the critical water depths 
(defined in Section 3.2) at different source strengths. All the experiments were repeated at least nine times 
to obtain the mean results and their standard deviations.

3. Results and Discussion
All our experiments show a clear process of wave generation and propagation. At first, an initial water dome 
forms with a number of bubbles rising beneath the dome. The jet blasts through the dome and rises rapidly 
with a large number of splashes (this phenomenon does not occur in the experiments with dome-shaped 
fountains [Shen et al., 2021]). After the fountain reaches the highest point, it falls back to the surface and 
leading waves are generated, and propagate radially from the center. In discrete eruptions, the leading waves 
are much larger than the trailing waves. After the leading waves reach the sidewall of the tank, the radial 
wavefield becomes contaminated by the reflected waves. In the following subsections, we discuss the repeat-
ability of the wave data (Section 3.1). Section 3.2 discusses the impact of source intensities and water depths 
on wave generation, presents an effective scaled water depth, and classifies underwater eruptions into three 
types of cases. Energy conversion from the source to the waves is reported in Section 3.3. Wave types are 
classified by classical wave theories in Section  3.4. The experimental results are compared with several 
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Experiment 
name

Initial 
pressure 

(kPa)

Water 
depth 
(cm)

Eruption 
duration 

(s)

Mean 
calculated 

gas 
volume 

(L)

Mean 
calculated 

source 
velocity 

(m/s)

Mean 
calculated 

Froude 
number

Fountain 
regime

Mean 
source 
energy 

(J)

Mean 
effective 
scaled 
water 
depth 

(m ⋅ J−2/5)

Test1 100 15 0.1 0.32 14.5 12.0 Finger 16.5 0.049

Test2 100 30 0.1 0.31 14.0 8.2 Transition 16.0 0.099

Test3 100 35 0.1 0.32 14.1 7.6 Transition 15.9 0.116

Test4 100 40 0.1 0.32 14.0 7.1 Dome 16.3 0.131

Test5 100 45 0.1 0.33 14.2 6.8 Dome 16.5 0.147

Test6 100 50 0.1 0.32 14.1 6.4 Dome 16.5 0.163

Test7 100 60 0.1 0.30 13.7 5.6 Dome 15.3 0.201

Test8 200 15 0.1 0.72 18.4 15.2 Finger 49.0 0.032

Test9 200 30 0.1 0.71 17.9 10.4 Transition 47.5 0.064

Test10 200 35 0.1 0.70 17.9 9.7 Transition 47.3 0.075

Test11 200 40 0.1 0.70 18.0 9.1 Transition 47.8 0.085

Test12 200 45 0.1 0.70 17.7 8.4 Transition 46.0 0.097

Test13 200 50 0.1 0.69 17.8 8.0 Transition 45.4 0.109

Test14 200 60 0.1 0.70 17.5 7.2 Dome 46.9 0.129

Test15 300 15 0.1 1.09 23.5 19.4 Finger 102.8 0.024

Test16 300 30 0.1 1.05 22.7 13.2 Finger 97.2 0.048

Test17 300 40 0.1 1.07 23.4 11.8 Finger 102.9 0.063

Test18 300 50 0.1 1.03 22.5 10.2 Transition 95.8 0.081

Test19 300 60 0.1 1.06 22.1 9.1 Transition 100.8 0.095

Test20 300 70 0.1 1.08 23.0 8.8 Transition 102.2 0.110

Test21 300 80 0.1 1.00 21.9 7.8 Transition 93.7 0.130

Table 1 
Summary of Experiment Schemes
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theoretical methods in Section 3.5. Section 3.6 discusses the field underwater eruption in Lake Karymskoye 
in 1996 and the future work necessary to expand the effective scaled water depth to field scenarios.

3.1. Repeatability

We present time series for all of the individual runs of the experiments with 100 kPa initial pressures at 
30 cm water depths (Figure 2). Time t = 0 s is the starting time of an eruption. Wave data between the two 
black lines are uncontaminated by reflections and are analyzed in this study. The leading waves are com-
pletely recorded in all gauges before reflected wave occurrence (Figure 2). Before the first wave propagates 
to the gauges near the orifice (from G2 to G7), there is a perturbation on the water surface (rise first and then 
fall) because of a large volume of gas injection and release. This hump is most obvious at gauges G4 and G5, 
and the hump decreases with distance from the orifice. As this hump is less energetic and the water surface 
rises less than 0.0001 m, it is not considered as a wave in our paper.

The repeatability of the source conditions (gas volumes and mean velocities), gas motions, and fountain 
motions was verified and discussed in Shen et al. (2021), so in the current study we focus on the repeatabil-
ity of the generated waves. In our experiments, waves are mainly generated by the collapse of the fountain 
generated on the water surface by the gas jet. Normally, fountains do not rise and fall on the free surface 
uniformly. Different heights and volumes of fountains fall at different times, which generates several waves. 
Since the motion of plumes and fountains varies from one run to another (even with the same initial condi-
tions), phase shifts always exist between different runs of the same experiment (Figure 2). To avoid the effect 
of these phase shifts, we calculate the envelope of wave height time series (blue dashed line in Figure 3) and 
use the maximum envelope as the key repeatable measurement (Figure 4). The repeatability of the max-
imum envelope is better in the experiments with lower source pressures and gauges located further away 
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Figure 2. Individual free surface elevation time series measured at different wave gauge locations for the experiments 
with 100 kPa initial pressures at 30 cm water depths. The two vertical black lines indicate the first wave and the first 
reflected wave arriving at each gauge, respectively.
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from the source. For a given water depth, an eruption with a low source pressure is more likely to produce a 
low dome-shaped fountain without splashes, while an eruption with strong source pressure is more likely to 
generates a high and narrow fountain accompanied by a large number of splashes (Shen et al., 2021). Both 
high fountains and splashes increase variability in the wave fields, especially near the source (Figure 4a). 
When the eruption-generated waves propagate further away, the decrease in wave heights also reduces the 
standard deviations of the maximum wave envelope amplitudes. The standard deviations of the maximum 
wave envelope amplitudes at gauges located 0.3 m from the source (Figure 4a) are 1.37–1.80 times greater 
than the standard deviations at gauges located 0.5 and 0.7 m from the source (Figures 4b and 4c).

3.2. Maximum Wave Envelope Amplitude

In these experiments, the leading waves are composed of the first three waves and this makes up the max 
wave envelope. The trailing waves are much less energetic (Figure 3). In the experiments undertaken at 
15 cm water depth, the maximum amplitude of the wave envelopes does not increase as the initial source 
pressures increase from 200 to 300 kPa (Figure 4), because most of the eruption energy passes through 
the free surface into the atmosphere. In this case, the upper limit of wave heights mainly depends on the 
water depth. All the maximum wave envelope amplitudes first increase, then decrease as the water depth 
is increased with the same initial pressure (Figure 4). The peak envelope amplitudes, and the depths at 
which they occur, increase with increasing source pressures (Figure 4d). In the experiments with 100, 200, 
and 300 kPa source pressures, the water depths where the waves are the largest are 35, 45, and 70 cm in 
the gauges (G2, G3, G6, and G7), respectively (Figures 4b and 4c). In the gauges located at 0.3 m, the water 
depth of the largest waves in the experiments with 200 kPa initial pressures is 40 cm, which is different from 
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Figure 3. Surface elevation and wave envelope at different gauges for an eruption with 100 kPa initial pressure at 
30 cm water depth. The first and second vertical dashed line refer to the times at which the first wave and the first 
reflected wave reach the gauge, respectively.
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the value measured in gauges located at 0.5 and 0.7 m (Figure 4a). This is mainly because the near-source 
wavefield is easily contaminated by the fountains and splashes.

In Part 1, Shen et al. (2021) used the Froude number (Equation 1) as a parameter to investigate the rela-
tionship between the initial conditions (mean source velocities v calculated using source initial pressures 
and water depths d) and the different fountain regimes (a finger regime, a transitional regime, and a dome 
regime).


vFr
gd (1)

Shen et al. (2021) also posited that the optimal Froude number occurred in the range of 7.5–10.5 (i.e., in 
the transitional regime), where the energy within the fountain was maximum. Therefore, we further infer 
that the subsequent waves generated by this optimal fountain are also the largest. The fountain regime and 
Froude number for each experiment are listed in Table 1. The results are consistent with the classification 
introduced in Shen et al. (2021) and the inference that the maximum wave envelope amplitudes are located 
within the range of optimal Froude numbers is demonstrated in Figure 4e. However, the Froude number 
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Figure 4. Maximum wave envelope amplitudes at different locations; (a) r = 0.3 m; (b) r = 0.5 m; (c) r = 0.7 m; 
Scatters show means and whiskers show ± one standard deviation; (d) Critical water depths in the experiments with 
different source pressures (r = 0.5 m); The variation of maximum wave envelope amplitudes with (e) Froude numbers 
and (f) effective scaled water depths.
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associated with the maximum wave amplitude increases with increasing source pressure. Therefore, a dif-
ferent classification method may be valuable to explore.

In this study, we therefore, explore an effective scaled water depth to provide a better classification of the 
maximum wave envelope amplitudes. The effective scaled water depth originates from the scaled depth Ds, 
which is widely used in volcanology and is defined as the physical depth d divided by cube root of source 
energy Es (Houser, 1969). The cube-root-scaling was originally obtained by a regression analysis based on a 
series of underground explosion experiments. There is an optimal excavation depth of 0.004 m⋅J−1/3, which 
provides maximum excavation efficiencies. When the scaled depth is larger than 0.008 m⋅J−1/3, explosions do 
not eject any material on the surface (Graettinger et al., 2014; Ross et al., 2013). We assume that the effective 
scaled water depth has a similar formula as the scaled depth in the subsurface experiments (Equation 2).

s n
s

dD
E (2)

where n is the power of the source energy. Based on the linear regression analysis using three critical depths 
and the source energy (see Equation 3 in Section 3.3 for calculating these values) in our experiments, the 
formula would be d E

s
/

/2 5 and the critical effective scaled water depth (i.e., optimal scaled depth) is around 
0.105 ± 0.011 m⋅J−2/5. Unlike the Froude number, the effective scaled water depth associated with the maxi-
mum wave envelope does not increase with increasing source pressure (Figure 4f), and the relative range of 
the critical effective scaled water depths (±9.5%) is narrower than the relative range of the optimal Froude 
numbers (±18.2%). Therefore, the effective water depth is more robust to classify the eruption regimes. 
Since an accurate determination of the formula of the effective scaled water depths and the critical scaled 
water depths needs a large number of experiments or numerical simulations, this paper mainly proposes 
this concept and provides anecdotal evidence within a limited parameter space.

Using this effective scaled water depth, underwater eruptions may be divided into three types: deep-water 
eruptions, intermediate-water eruptions, and shallow-water eruptions (Figure 5). The threshold between 
deep-water eruptions and intermediate-water eruptions is determined by whether an eruption generates 
non-negligible waves at the water surface (Le Mehaute & Shen, 1996). In submerged non-condensable and 
isothermal gas jet experiments, waves will always be generated by plumes even if they are rising through 
buoyant effects alone. No waves in this context simply means the wave height is negligible, and can be 
ignored. In the case of a natural volcanic eruption, as the plume of mixed gas and water ascends from the 
depths the gas may cool, condense, and dissolve, which decreases the plume volume and further reduc-
es the efficiency of wave generation. Our research focuses on waves generated by underwater eruptions, 
so we only investigate the eruptions under shallow and intermediate water depths. In intermediate water 
depths, a decrease in the water depth decreases the energy loss during plume motion, so more energy re-
mains for generating waves; wave height increases with decreasing water depth. In shallow-water eruptions, 
a decrease in water depth reduces the energy loss underwater, as more energy dissipates into the air. In 
such shallow-water eruptions, the trend is the opposite to that of the intermediate-water eruptions, since 
a decrease in water depth for a shallow-water eruption decreases wave heights. Based on the wave-height 
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Figure 5. The variation of maximum wave heights with effective scaled water depths.
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variation with water depths (for a constant source intensity), there is a threshold condition at which waves 
with maximum height are generated (i.e., critical effective scaled water depth). Within our classification of 
underwater eruptions, this critical effective scaled water depth is also the threshold between eruptions of 
shallow-water type and those of intermediate-water type.

The Froude numbers and the effective scaled water depths have their own scientific background, range of 
application, strengths and deficiencies, and also have a connection between them. The Froude number is a 
non-dimensional parameter and is widely used in fluid mechanics. It can classify the fountain regimes very 
well, but we can only estimate the range of the optimal Froude numbers. Therefore, it can only roughly, 
rather than precisely, estimate the cases associated with the maximum wave envelope amplitudes. Also, 
the Froude number cannot be directly applied to the on-land cratering experiments, because the explosive 
energy and materials are transmitted radially in all directions from an explosive source, and it is difficult to 
measure the source velocities in underground explosion experiments. The effective scaled water depth is 
consistent with the scaled depth (not a dimensionless parameter) in volcanology. The exponent of source 
energy in the denominator of Equation  2, n, and the critical scaled depth, Ds, are larger in underwater 
eruption experiments than those in underground explosion experiments. This means that for a given source 
energy, the optimal depth of the underwater eruption experiment is deeper than the optimal depth of the 
underground explosion experiment, because the media in underwater eruption experiments (water) has a 
lower density and is much more easily disturbed than the media in underground explosion experiments 
(solid or granular materials). Compared with the Froude number, the effective water depth can estimate the 
experimental conditions of the maximum wave height more accurately in our experiments, as the formula 
is obtained by the regression analysis. However, a dimensional parameter may not work at different scales, 
while something non-dimensional like the Froude number does not have this limitation. In essence, both 
the Froude number and the effective scaled water depth assume that the surface phenomena are mainly 
controlled by both the source energy (source velocity) and the water depth. Although the three types of 
underwater eruptions classified by the effective water depths are distinct from the three fountain regimes 
classified by the Froude numbers, our data indicate a relationship between the two classifications. For in-
stance, the minimal fountain regime (Fr < 4.6) roughly corresponds to deep-water eruptions (which do not 
generate waves by our definition). The finger regime normally belongs to shallow-water eruptions, while 
the dome regime roughly belongs to the intermediate eruptions. The maximum wave envelope amplitude 
in our experiments occurs at the transitional regime.

Similar conclusions have been drawn from previous research on analogous problems. In underwater ex-
plosion experiments, Stepanov and Navagin (1966) similarly found there was an optimal explosion depth, 
where an explosion could generate the maximum mass of water in its fountain. Although Prasetya (1998) 
found that wave heights did not increase with larger explosive intensities in their experiments, they did 
not explain why this happened. Based on our experimental results, we infer that the explosive intensities 
in their experiments became too strong, relative to their water depths. All their underwater explosions are 
classified as extremely shallow-water explosions, where increasing the explosive intensities would simply 
increase the energy dissipation into the air rather than the efficiency of wave generation. The findings from 
these analogous experimental studies strongly support our concept of the effective scaled water depth.

3.3. Energy Conversion

The process by which an underwater eruption generates waves can be analyzed by examining the rate and 
efficiency at which energy released during the decompression of air is transmitted into the surrounding 
water. During this transfer, a large amount of energy is expended in turbulent dissipation and splash effects 
(these only exist in a shallow effective depth). In this paper, only the energy within the first wave packet at 
the gauges G3, G4, G5, and G6 is evaluated, because the trailing waves are less energetic and the reflecting 
waves contaminate the incident wave data obtained by the gauges G2 and G7 in the experiments undertak-
en at water depths larger than 50 cm. The energy released from the source is computed as follows:
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0

t
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where Es is the releasing source energy; Δt is the solenoid valve switching time, which is 0.1 s here; pt is the 
pressure at the time t; Vt is the volume of the releasing gas at the time t.

Assuming eruption-generated waves propagate axi-symmetrically from the center in all radial directions, 
the wave group potential energy from the wave profile recordings is determined as follows:


    

2
2

0 0

Tg

p w gE gc dtrd (4)

where Ep is the wave group potential energy; cg is the wave group velocity; Tg is the period of the wave group; 
η is the wave amplitude; r is the radial distance from the orifice; θ is the direction of the wave propagation. 
Strictly speaking, Equation 4 should only be applied on a wave-by-wave basis, and still provides imperfect 
estimates of potential energy because the waves generated by this volcanic source are characterized by a rel-
atively broad-banded spectrum. However, lacking spatially resolved free surface measurements, this is the 
only way to calculate the energy in the wavefield using the time series measurements from the wave gauges 
in these experiments. We cannot estimate the wave group kinetic energy directly here because we only 
measured the water surface elevation and did not have the data on the velocity field beneath the surface 
waves. Within the approximations of the linear wave theory, the kinetic wave energy is equal to the potential 
wave energy (Fritz et al., 2004), so the total wave energy can be calculated as follws:

   2w p k pE E E E (5)

where Ew is the wave group total energy and Ek is the wave group kinetic energy.

The energy transfer rates from the source to the waves are between 0.1% and 1% in our experiments (Fig-
ure 6). The change in energy transfer rates in the experiments undertaken at increasing water depths using 
the same initial source pressures is consistent with the measured variation of the maximum wave envelope 
in Figure 4. When the water depths are less than 40 cm, there are higher energy transfer rates in the exper-
iments with lower initial pressures. The trend is reversed for water depths deeper than 40 cm. The trend 
of energy transfer rates is consistent with the fountain regimes observed on the free surface (Table. 1). A 
finger-shaped fountain normally occurs at shallower water depths and in eruptions with strong source in-
tensities (i.e., lower effective water depths). A finger-shaped fountain is accompanied by a large number of 
splashes, which means there is a large amount of energy dissipated into the air in this type of eruption. The 
loss of energy into the air is the reason why the efficiency of energy transfer to the water column is lower 
for shallow water depths in eruptions with higher source pressures. In contrast, a dome-shaped fountain 
normally occurs with eruptions having relatively weak source energy, or located at greater water depths 
(i.e., higher effective water depths). In dome regimes, an injected jet's energy is initially dissipated into the 
lower water column, so it has a limited ability to disturb the free surface. For this reason in “deep water” 
experimental runs, energy transfer efficiency is low at low source pressures. With higher pressures at the 
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Figure 6. The ratio of the first wave packet energy to source energy at different locations; (a) r = 0.3 m; (b) r = 0.5 m; 
Scatters show means and whiskers show ± one standard deviation. Ew and Es are the wave group total energy and 
source energy, respectively.
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same “deep” sites, there is greater energy remaining to increase dome height and thus, wave generation as 
the jet approaches the surface. The maximum energy transfer rate and the largest waves normally occur at 
the transition regime, which separates the dome and finger regimes. This analysis based on the fountaining 
regime is consistent with the conclusion drawn from variations of the maximum wave envelope amplitudes 
(Section 3.2).

In underwater explosion experiments, Le Mehaute and Shen (1996) observed that the maximum efficiency 
of energy transfer in shallow- and deep-water cases was 5% and 20%, respectively. Their results showed 
that increasing water depth and decreasing total energy both increased the efficiency of energy conversion. 
This suggests that, relative to their explosion energy, the water depth was shallow in all their experiments, 
implying that this trend would not be observed for large increases in water depths. Thus, their conclusion is 
consistent with our finding in shallow water depths, while their limited parameter space (in terms of water 
depths) precluded their observing the opposite trend for sufficiently deep water depths. The wave energy 
conversion from subaerial (Fritz et al., 2004; Huber, 1980; Kamphuis & Bowering, 1970) and subaqueous 
landslides (Watts, 2000) is from 1% to 50% and from 2% to 13%, respectively. The wave generation efficiency 
of underwater gas eruption experiments is much lower than other wave generation mechanisms. This is 
probably because the impact capability of the compressed air is much less than that of solid materials and 
explosions partway up the water column. Compressed air injected into the water during our experiments 
expands, then water entrainment dissipates a large amount of energy, and thereby, reduces wave generation 
efficiency. In the field, volcanic eruptions are very energetic, so even a low energy transfer efficiency could 
result in large waves. Hence, a volcanic eruption source should not be considered “safer” than similar land-
slide sources, simply because the energy transfer efficiency is lower.

3.4. Wave Type Classification

The classical wave theories can be used to classify various kinds of waves. Linear wave theory for small 
amplitude waves is applicable across a wide range of the parameter space from the shallow- to deep-wa-
ter waves (Fritz et  al.,  2004; Mohammed,  2010). According to the linear wave theory, water waves are 
classified into three regimes by the ratio of the water depth d to the wavelength L or characteristic wave-
length gT2 (deep-water waves or short waves d/L > 1/2; transitional-water waves or intermediate waves 
1/25 ≤ d/L ≤ 1/2; shallow-water waves or long waves d/L < 1/25). Because of the potential confusion be-
tween the classical wave theory nomenclature and the shallow- to deep-water eruptions, we will use the 
terms “long waves", “intermediate waves", and “short waves” while referring to wave regimes. Stokes (1847) 
put forward a second-order theory for finite amplitude waves using the Stokes expansion of H/L. H is wave 
height. Skjelbreia and Hendrickson (1960) and Fenton (1985) extended the theory to the fifth-order Stoke's 
theory. The Ursell number (U = HL2/d3), normally used to indicate the wave nonlinearity, can also serve 
as a standard of wave classification (Zhu & Chen, 2017). Generally, Stokes theory is true for U ⩾ 26, while 
cnoidal theory holds for U < 26 (Sorensen, 1993).

It is important to note that the three water wave regimes determined by d/L in this section are distinct from 
the three types of underwater eruptions classified by the effective scaled water depths in Section 3.2. The 
two classifications are based on different standards and have different applications. There is no one-to-one 
correspondence between three underwater eruption regimes (i.e., shallow-, intermediate- and deep-water 
eruptions) and three water wave regimes (i.e., long, intermediate, and short waves). For example, the waves 
generated by a shallow-water eruption can be either long waves, intermediate waves, or short waves. The 
classification of three underwater eruptions is only applied to waves generated by an underwater eruption or 
explosion. Different regimes indicate that the maximum wave envelope amplitudes produced by an under-
water eruption with a given source energy increase (shallow-water eruptions), decrease (intermediate-water 
eruptions), or almost stay zero (deep-water eruptions) with the increase in water depths. The classification 
of the three water regimes can be applied to waves generated by any mechanism (e.g., winds, earthquakes, 
landslides, and volcanic eruptions, etc.). The particle velocities, particle paths, phase velocities, group veloc-
ities, and dispersion relationships are different in different water wave regimes (Holthuijsen, 2010).

The range of validity for different wave theories is shown in Figure 7 along with our experimental data, 
analyzed on a wave-by-wave basis (Le Mehaute, 1976). T is the wave period. Figure 7 shows that waves 
are mainly located in the Stokesian regime in near-source zones and tend to fall into linear wave regime 
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in far-source zones. This graph also shows that all the waves propagate 
as short and intermediate waves because of the short-wave periods (and 
hence, wavelengths). This result is consistent with the available field 
data which show that tsunami waves produced by volcanic events are 
characterized by shorter-period, greater dispersion, and limited far-field 
effects compared with the waves generated by earthquakes (Day, 2015; 
Paris, 2015). The fixed diameter of the orifice may limit the wavelengths 
in our experiments. The gas ejecting from a larger orifice may trigger a 
wider fountain which subsequently generates longer waves.

There is a significant difference of classification between the waves 
generated by underwater eruptions and the waves generated by other 
mechanisms (landslides and underwater explosions). The leading waves 
generated by landslides are longer, and hence, the cnoidal wave theory 
is applicable to these leading waves. Trailing waves are more compli-
cated and distributed in three regimes (cnoidal wave regime, Stokesian 
regime, and linear wave regime) (Mohammed, 2010). In the submerged 
explosion experiments, the leading waves and trailing waves lie in the 
cnoidal wave and the Stokes wave regimes, respectively (LeMehaute & 
Khangoankar, 1992).

3.5. Comparisons with Previous Theoretical Models

Generally, previous theoretical models can be divided into three types: (1) 
wave motion starting with a perturbed initial free surface condition; (2) 
wave motion produced by a bottom jet; and (3) wave motion produced by 

a non-stationary hydrodynamic source. Waves generated by underwater explosions are generally investigat-
ed by the initial elevation models. The process is simplified into two steps: the explosion generates a cavity at 
the free surface; the waves are then generated by the collapse of this cavity. The initial water surface is qui-
escent in the bottom water jet model and non-stationary hydrodynamic source model. The bottom jet model 
changes the bottom condition from a wall boundary to an outflow velocity boundary (Levin & Nosov, 2009). 
The non-stationary hydrodynamic source model changes the governing Laplace equation to the Poisson 
equation by adding a source term (eruptive intensity as the function of time) (Duffy, 1992; Egorov, 2007). 
The details of these three models are summarized in Table 2 and the meaning of each notation can be found 
in the corresponding reference.

Here, we compare our experimental results with three theoretical models. Since our experiments are much 
more complicated than these theories, the wave-height-time series calculated by none of the theories agrees 
well with the experimental data. To overcome this lack of agreement, we compare the maximum wave 
envelopes extracted from theoretical results with those from our experimental results. The model of Egor-
ov (2007) is only valid under two conditions: slow eruption velocity and long eruption duration. Both of 
them can be expressed as  2v gd ; v is the mean velocity at the orifice. Since our jets are very fast, we do 
not compare our experimental results with the model of Egorov (2007). The calculated results in the model 
of Duffy (1992) and Levin and Nosov (2009) are one or two magnitudes less than our experimental results. 
This is probably because the mass injected in their models is incompressible and these linear wave models 
cannot reproduce the non-linear waves in our experiments very well.

To fit the model of Le Méhauté (1971), we also simplify our experiments into two steps: a subaqueous gas 
eruption initially generates a fountain and then the collapse of this fountain is responsible for wave gener-
ation. To apply the fountain boundaries detected in our experiments to this model, we make three assump-
tions here. (1) When the fountain reaches the highest point, all kinetic energy is transferred to potential 
energy; (2) the fountain is symmetric in all directions; and (3) there are no voids in the fountain. Thus, 
the fountain profile at the highest point can be equated to the cavity in the underwater explosion models 
and hence, be used as the initial elevation to calculate the subsequent wave generation and propagation. 
All the calculated results in the model of Le Méhauté (1971) are larger than the measured results because 
of the assumption that there are no voids in the fountain (Figure 8a). A fountain with no voids has more 
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Figure 7. Applicability of analytical wave theories. Symbols correspond to 
the experimental wave data at different locations; red dots show r = 0.3 m; 
blue triangles show r = 0.5 m; green squares show r = 0.7 m. H, d, g, T 
are wave height, water depth, gravity, and wave period, respectively. The 
two vertical dashed lines classify the water waves into three regimes (long 
waves, intermediate waves, and short waves).
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mass and potential energy, and thus, increases the wave heights. The calculated results comply better with 
the measured results in the experiments at deep-water depths and with low source pressures, because the 
dome-shaped fountains have better symmetry and fewer voids. There are a large number of voids in the 
finger-shaped fountains and transitional fountains, resulting in significant computational errors in these 
cases.

To improve the initial elevation model by considering void fractions, we assume that the air volume within 
the fountain is equal to the volume of the gas injected into the water (Figure S1). The details are described 
in supplementary material Text S1. The results in the improved model (Figure 8b) exhibit better agreement 
with the experimental data than those in the original model (Figure 8a), but there still exists a large discrep-
ancy between the calculated and measured results in the experiments with finger- and transitional-shaped 
fountains. This is probably because we still significantly underestimate the void fraction of the fountain 
in finger and transitional regimes. The voids are not only caused by the injected compressed air which we 
consider here, but also the entrained ambient air which is ignored in our calculation. For the experiment 
at 60 cm water depth and with 100 kPa initial pressure, the calculated results slightly underestimate the 
measured results, which means the void fraction may be overpredicted for this case (Figure 8b). It may be 
that the injected gas is not entirely distributed in the fountain (part of it is mixed in the water column) and 
there is less air supplied from the atmosphere. In addition, the misfit between the experimental data and the 
linear analytical solutions may also be due to the nonlinear effects in our experiments.

In many field simulations of tsunamis generated by underwater volcanic explosions, the researchers prefer 
to use a parabolic crater with a vertical steep water rim rather than just a parabolic water dome without a 
rim to approximate the initial water disturbance (Figure S2) (Le Méhauté, 1971; Ulvrová et al., 2014; Ulvro-
va et al., 2016). We also investigate this sort of initial condition and compare it with our results. The details 
of the model are given in the supplementary material Text S2. The calculated maximum wave envelope 
amplitudes based on the parabolic function with a lip have better agreement with the measured maximum 
wave envelope amplitudes (Figure 8c), as the potential energy of the crater is considerably smaller and the 
net volume displacement is zero. Figure 8b suggests that if we take the injected air volume into account, 
it will further improve the results of the cases with the transitional- or finger-shaped fountains, but may 
underestimate the calculated results of the cases with dome-shaped fountains. Figure 8d summarizes the 
calculated results by the above three methods with a smaller coordinate range, which shows the discrepan-
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Reference Governing equations Boundary conditions Initial conditions Free surface elevation
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cy of the three methods more clearly. In future experiments, we will measure the void fractions in different 
fountain regimes and provide more accurate initial free surface conditions for the theoretical model.

3.6. Application

Historical wave data for tsunamis generated by subaqueous volcanic eruptions are very limited, however, 
some do exist. Stehn (1929) recorded wave travel times during the first stages of Anak Krakatau eruption 
in 1928–1929. Tsunami waves were recorded by a wave gauge located near Hachijo Island (approximately 
130 km from the volcano) during the 1952 Myojin-Sho volcanic eruption. Due to the proximity of the shore-
line, the bathymetry affected the wave data through shoaling and reflection. Therefore, neither case can be 
directly compared with our experimental results.

The eruption of the underwater volcano in Karymskoye Lake started on the January 2, 1996. It erupted in-
termittently for 10–20 h and generated multiple tsunamis. The initial water depth of the volcanic activities 
was about 50 m and the water depth continuously decreased during the eruption because a large amount of 
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Figure 8. Comparison of the measured maximum wave envelope amplitudes with the calculated maximum wave 
envelope amplitudes by (a) the initial elevation model (Le Méhauté, 1971), (b) the improved initial elevation model 
considering the void created by the compressed air, (c) the initial parabolic crater with a vertical steep water rim. (d) 
Comparison of the measured maximum wave envelope amplitudes with the calculated results by the three methods. 
Insets: sketches of the side view of the initial free surface elevation.
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pyroclastic material was deposited near the vent (Belousov & Belousova, 2001). Based on the stratigraphy 
of the resulting deposits (Belousov & Belousova, 2001), the largest tsunami was produced at the end of the 
eruption. Consequently, Belousov and Belousova (2001) inferred that the largest explosion also took place 
at the end of the eruption. However, compared to the size of the explosions, the water depth was extremely 
shallow during these eruptions. Our experimental results suggest that the source intensity is unlikely to 
be the limiting factor in wave height in these extremely shallow depths (the cases at 15 cm water depth in 
Figure 4); rather, the wave heights are effectively limited by the water depth itself. Therefore, the largest tsu-
nami occurring at the end of the eruption does not automatically imply that the largest eruption occurred 
then.

In the field, wave generation by submarine volcanic eruptions is much more challenging to understand 
because of the complicated source conditions, the complex bathymetry, and wave transformations such as 
shoaling, refraction, and diffraction. The laboratory experiments greatly simplify the complex submarine 
volcanic eruptions present in the real world, so it is difficult to find a direct parallel between the source 
energy in our experiments and indices describing the size of a field volcanic eruption, such as volcanic 
explosivity index (VEI). We infer, however, that our experimental results qualitatively carry over to field 
scale volcanic eruptions. In particular, our findings indicate that there is a critical water depth at which a 
specific size of submarine volcanic eruption can generate the largest tsunami. In reality, the summit depths 
of some submarine volcanoes vary greatly. For example, the summit depth of Kavachi submarine volcano in 
Solomon island fluctuated between −60 m (below the free surface) to +10 m (above the free surface) over a 
1 year period (2002) (Global Volcanism Program, 2004). For a specific size of volcanic eruption, the critical 
effective water depths proposed in this study can estimate the most hazardous water depths, at which the 
largest tsunami would be generated. Our physical model also provides a high-quality data set for calibrating 
numerical models. Combining field observations, laboratory experiments, and numerical models will test 
and allow the application of the concept of scaled effective water depth, which will improve the future haz-
ard assessments of volcanic tsunamis.

4. Conclusions
In this study, we present and interpret a series of laboratory experiments to study the waves generated by 
a discrete underwater eruption. We hypothesize an effective scaled water depth and classify underwater 
gas eruptions into three categories with respect to wave generation. In shallow-water eruptions, the energy 
dissipates mainly into the air rather than being transferred into waves. Wave heights show little change 
with the increase in source intensities in extremely shallow water depth. This effective scaled water depth 
concept links with results from explosive cratering on land and explains the phenomenon by which, in 
shallow water, wave heights increase with increasing depths, whereas the opposite is true for eruptions in 
intermediate-water depths. There is a critical scaled effective depth at which an eruption generates max-
imum waves.

We also classify the eruption-generated waves according to classical wave theories. Near-source waves and 
far-field waves can be described by the Stokesian wave theory and the linear wave theory, respectively. The 
model of Le Méhauté (1971) and two improved models are applied to predict the maximum wave envelope 
amplitudes in our experiments. These models overestimate all of the generated wave amplitudes in the 
cases of finger-shaped and transitional-shaped fountains. It is mainly because we underestimate the void 
fraction in the fountains which reduces the potential energy of the fountain available to generate waves. It 
is necessary to develop a more realistic, theoretical, or numerical model to emulate the waves generated by 
submarine volcanic eruptions.

Based on our classification, the underwater volcanic eruption in Lake Karymskoye in 1996 occurred in the 
extreme-shallow water depth regime, in which wave heights do not increase with larger explosive inten-
sities. Future studies will focus on the combination of field observations, physical models, and numerical 
simulations to extend the effective scaled water depth approach to the field cases.
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Data Availability Statement
The initial conditions and source data presented in this research are provided in Table 1. The water surface 
profile data and wave data are available at https://doi.org/10.5281/zenodo.4614573.
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