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Abstract The mass eruption rate feeding a volcanic plume is commonly estimated from its maximum
height. Winds are known to a!ect the column dynamics causing bending and hence reducing the
maximum plume height for a given mass eruption rate. However, the quantitative predictions including
wind e!ects on mass eruption rate estimates are not well constrained. To fill this gap, we present a series
of new laboratory experiments on forced plumes rising in a density-stratified crossflow. We identify three
dynamical regimes corresponding to increasing e!ect of wind on the plume rise. The transition from one
regime to another is governed by two dimensionless velocity scales defined as a function of source and
environmental parameters. The results are found consistent with the conditions of historical eruptions and
provide new empirical relationships to estimate mass eruption rate from plume height in windy conditions,
leading to valuable tools for eruption risk assessment.

1. Introduction

Explosive volcanic eruptions produce dense mixtures of hot volcanic gas and pyroclasts at the vent that can
rise up to several tens of kilometers in the atmosphere [Wilson, 1976]. During the ascent, the bulk density of
the mixture is reduced as a result of turbulent entrainment and thermal expansion of cold atmospheric air
[Woods, 1988]. Where the density of the mixture becomes lower than the density of the atmosphere, natural
convection lifts the column until it reaches a level of neutral buoyancy (LNB) and spreads out laterally under
the influence of high-altitude winds.

The maximum height reached by a volcanic column is a key parameter to assess in near real time the
mass discharge rate feeding an eruption [e.g., Mastin et al., 2009], which is used in turn to forecast the
concentration of ash injected into the atmosphere [e.g., Kaminski et al., 2011]. Low-altitude winds are
known to a!ect the plume dynamics and reduce its maximum height for a given eruption flow rate by
more vigorous entrainment [Bursik, 2001; Degruyter and Bonadonna, 2012;Woodhouse et al., 2013; Suzuki
and Koyaguchi, 2013; Mastin, 2014]. Understanding quantitatively the influence of atmospheric winds on
a volcanic column is therefore crucial to improve the assessment of volcanic hazards related to explosive
eruptions [Houghton et al., 2014].

Theoretical and numerical studies show that for high eruption intensity and/or low wind velocity, the
volcanic column forms a “strong” plume hardly a!ected by the wind field [Bonadonna and Phillips, 2003]. By
contrast, for low eruption intensity and/or high wind velocity, the column bends over and forms a “weak”
plume whose trajectory is strongly controlled by the wind strength and direction [Bursik, 2001]. Theoretical
studies suggest that the strong/weak plume transition may be governed by the ratio of wind velocity to
characteristic velocity scale of the plume [Devenish et al., 2010; Degruyter and Bonadonna, 2012, 2013;
Woodhouse et al., 2013]. The two regimes have been observed during historical eruptions [Sparks et al., 1997;
Mastin, 2014], reproduced in laboratory experiments [Fan, 1967], and modeled theoretically [Bursik, 2001]
and numerically [Suzuki and Koyaguchi, 2013]. Published laboratory experiments in relation with buoyant
jets rising in a crossflow or in a calm environment are mostly dedicated to simulating either the strong
plume regime of explosive volcanic columns [Carey et al., 1988;Woods and Caulfield, 1992; Veitch and Woods,
2000; Kaminski et al., 2005; Clarke et al., 2009; Carazzo and Jellinek, 2012; Jessop and Jellinek, 2014] or the
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weak plume regime of smokestack plumes in a uniform environment [Fan, 1967; Hewett et al., 1971; Hoult
and Weil, 1972;Wright, 1977; Hwang and Chiang, 1986; Huq, 1997].

In this paper, we describe new laboratory experiments simulating turbulent forced plumes rising in a windy
stratified environment. The experiments reproduce the strong and weak plume regimes, and exhibit a third
behavior in which the jet is distorted by wind. We determine the source and environmental conditions that
control regime transitions. We propose a single master curve that encompasses the three dynamical regimes
to better determine the mass discharge rate feeding a volcanic plume from its observed maximum height.
Our results are then tested against a data set of historical eruptions to discuss the consequences of this work
for explosive volcanic plumes.

2. Methods

The experiments were conducted at ambient temperature in a 50 cm high, 100 cm long, and 40 cm large
Plexiglas tank (Figure S1 in the supporting information). The tank was first filled with an aqueous NaCl
solution with a linear density stratification. Linear density profiles were generated by filling the tank with
20 layers of salt solutions slowly introduced using a float made of eight tubes (1mm in diameter) coated
of foam paper and filled with sponge in order to minimize mixing across the density interfaces as the
stratification develops [Carazzo and Jellinek, 2013]. Mean densities of the stratified water were obtained by
optical refractometer measurements of selective fluid samples collected with hypodermic tubing of 0.1 cm
internal diameter. Density profiles were linear in each experiment except near the top and the bottom of
the tank (Figure S2 in the supporting information). Prior to an experiment, a constant head tank located
3m above the floor was filled with salt water using a pump connected to a larger reservoir (Figure S1 in the
supporting information). The density of the injected mixture, measured with the same technique as the
water in the tank, was systematically intermediate between those of the salt water at the bottom and at the
top of the tank.

At the start of an experiment, we towed the jet source at a constant speed (3!10"3 to 6!10"2 m s"1) through
the stationary fluid, and we opened the valve allowing the jet fluid to be released downward from the water
surface. The jet exit was a straight pipe with a 5.5mm inner radius located 2 cm below the top water level of
42 cm, hence allowing the turbulent jet to reach a maximum height of 40 cm. The volumetric flow rate of the
salt water, measured using an electromagnetic flowmeter, was maintained constant during an entire given
experiment, but varied between 1.4 ! 10"5 and 10"4 m3 s"1 from one experiment to another. An injection
lasted between 10 and 60 s and was recorded using a video camera (25 frames per second).

The density of the jet at the source, its volumetric flow rate, the strength of the density stratification, and the
lateral speed of the injector (i.e., the speed of the crossflow) were varied from one experiment to another in
order to cover the full range of conditions appropriate for a consistent scaling of natural volcanic plumes.
Run conditions of the 32 experiments are compiled in Table S1 in the supporting information. To ensure
experimental jets adequately scale to volcanic plumes and to compare our results with previous studies,
we calculated a number of dimensionless parameters controlling the jet dynamics and compared the
experimental values to those of natural volcanic plumes.

The Reynolds number (Re0) characterizes the ratio between inertial to viscous forces,

Re0 =
U0R0
!

, (1)

where U0 and R0 are the jet velocity and radius at the source, respectively, and ! is the kinematic viscosity
of the fluid. In explosive eruptions, 107 ! Re0 ! 109, which is unattainable under laboratory conditions.
We note, however, that our flows are at high Re (Table S1 in the supporting information), fully turbulent, and
conducted under Re conditions comparable to many published studies [Burgisser et al., 2005; Carazzo and
Jellinek, 2012].

The Richardson number at the source (Ri0) characterizes the balance between the buoyancy and inertial
forces in the jet and can be written as

Ri0 =
g#0R0
U2
0

, (2)
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where g#0 = g("a " "0)$"a is the jet reduced gravity at the source, with g the acceleration of gravity, and "0
and "a the densities of the jet and ambient fluid at the source, respectively. The source Richardson number
is related to the source parameter (%) introduced byMorton [1959] as Ri0 = 4#p%$5, where #p = 0.125 is the
“top-hat” entrainment coe"cient for a self-similar pure plume [Wang and Law, 2002; Carazzo et al., 2006].
The Richardson number (or the source parameter) fully characterizes the behavior of a pure plume in a
uniform environment. In a stratified environment and in a crossflow, two additional dimensionless numbers
are introduced.

For the purpose of comparing the source velocity imposed in our experiments (U0) with the characteristic
velocity of a pure plume (NH0), we first introduce the plume velocity ratio,

U$ =
NH0

U0
, (3)

where H0=#
"1$2
p F1$40 N"3$4 is the natural length scale for a pure plume rising in a calm stratified

environment [Morton et al., 1956], with F0 the source buoyancy flux, and N the Brunt-Väisälä frequency
defined as

N2 = " g
"r

d"
dz

, (4)

where "r is a reference density, and z is the vertical distance from the bottom of the tank.

The plume velocity ratio (U$) is found to vary between 0.05 and 1 in natural volcanic plumes [Carazzo
and Jellinek, 2012], as in our laboratory jet experiments (Table S1 in the supporting information), whereas
U$ = 0 in all previous laboratory studies performed in a uniform environment [Fan, 1967; Hewett et al., 1971;
Hoult and Weil, 1972;Wright, 1977; Hwang and Chiang, 1986; Huq, 1997; Yang and Hwang, 2001]. Hence, our
experiments are better analog for volcanic plumes, which do rise in a stratified atmosphere.

The presence of a crossflow introduces an additional velocity scale (W), which defines the wind velocity ratio
[Hewett et al., 1971; Yang and Hwang, 2001],

W$ = W
U0

, (5)

where W is the velocity of the crossflow. Combining equations (3) and (5), and replacing H0 by its
definition, gives an alternative choice for the third dimensionless velocity #1$2

p W$(F0N)1$4 that is commonly
proposed to characterize the influence of wind on the plume dynamics [Devenish et al., 2010; Degruyter and
Bonadonna, 2012;Woodhouse et al., 2013;Mastin, 2014].

Figure 1 shows that our experimental range of wind velocity ratio (W$) is consistent with values calculated
for volcanic plumes [Carazzo and Jellinek, 2012]. The Richardson number at the base of volcanic jets is
negative because the eruptive mixture is denser than the atmosphere at the vent, but its value increases
rapidly and becomes positive due to entrainment and mixing of cold atmospheric air (Figure S3 in the
supporting information). Although our laboratory experiments do not strictly reproduce the region of
buoyancy inversion, our experimental range of Ri0 is consistent with values calculated for the buoyant
region of volcanic plumes (Figure 1). The strength of the crossflow and the balance between the buoyancy
and inertial forces acting on volcanic plumes are thus well reproduced at the laboratory scale. Whereas
experimental work published in relation with buoyant jets in a uniform crossflow focus either on high-Ri0
plumes in a strong (high-W$) crossflow [Hewett et al., 1971; Hoult and Weil, 1972], or on low-Ri0 plumes in
a weak (low-W$) crossflow [Fan, 1967; Huq, 1997; Yang and Hwang, 2001], our laboratory conditions cover
relatively large ranges of Ri0 andW$ values (Figure 1).

3. Results

Our experiments investigate the behavior of the turbulent jet as we vary the source volumetric flow rate,
the jet density at the source, the strength of the stratification in the tank, and the wind velocity. Thereafter,
we describe the jet development as if the jet is rising, not falling. For low wind velocities and relatively high
flow rates, the jet mixes with the ambient salt water (Movie S3 in the supporting information) and its density
decreases as a result of turbulent entrainment and dilution to values lower than the ambient density.
Resultant negative buoyancy forces reduce the momentum imparted at the source, and the force balance
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Figure 1. Review of source Richardson number (Ri0) and wind velocity
ratio (W$) for natural volcanic plumes and experimental works published
in relation with buoyant jets in a crossflow. The values of Ri0 for natural
data correspond to those of the buoyant region of volcanic plumes.

drives the plume to a level of neutral
buoyancy (LNB), which it overshoots
to a maximum height. The jet then
collapses back to the LNB as a fountain
and spreads out laterally under the
influence of the crossflow to form
an umbrella cloud. The spreading
umbrella reaches a stagnation point
upwind where the radial expansion
velocity is equal to the wind speed.
This behavior is shown in Figure 2a
(experiment 25) and is a laboratory
analog of a strong Plinian plume
[Bonadonna and Phillips, 2003].

For high wind velocities and relatively
low flow rates, the jet mixes more
e"ciently than in the strong plume
case by ingesting significant quantities
of ambient salt water through the

action of wind (Movie S1 in the supporting information). The centerline of the jet bends over in the wind
field, and the jet starts spreading subhorizontally around the LNB. This behavior is shown in Figure 2c
(experiment 24) and is a laboratory analog of a weak plume [Bursik, 2001].

Figure 2. Photographs of the experiments illustrating the e!ects on the plume rise of increasing the wind velocity ratio:
(a) W$ = 0.076; (b) W$ = 0.171; (c) W$ = 0.402; increasing the source Richardson number: (d) Ri0 = 8.4 ! 10"4;
(e) Ri0 = 3.5 ! 10"3; (f ) Ri0 = 2.9 ! 10"2; and increasing the strength of the stratification: (g) N = 0.3 s"1; (h) N = 0.5 s"1;
(i) N = 0.7 s"1. All the scale bars are 5 cm long. Numbers correspond to the experiment numbers reported in Table S1 in
the supporting information. Arrows indicate the stagnation point reached by strong plumes.
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Figure 3. Regime diagram of the wind velocity ratio (W$) as a function
of the plume velocity ratio (U$) for all the experiments. Red, green, and
blue symbols correspond to plumes in the strong, distorted, and weak
regime, respectively (1 % error bar). Dashed lines give experimental
transitions between the regimes. Open triangles correspond to natural
eruptions: CN1 = Cerro Negro, 9–12 April 1992; CN2 = Cerro Negro,
November–December 1995; Et = Etna, 19–24 July 2001; He = Hekla,
17 August 1980; Mi = Miyakejima, 18 August 2000; MSH = Mount St.
Helens, 18 May 1980; Pi1 = Pinatubo, 12 June 1991; Pi2 = Pinatubo,
15 June 1991; Re = Reventador, 3 November 2002; Ru = Ruapehu,
17 June 1996 (see Table S2 in the supporting information).

For intermediate wind velocities and
moderate flow rates, there is less
entrainment and mixing of the ambient
fluid due to wind than in the weak
plume case, but the centerline of the
jet is still distorted (Movie S2 in the
supporting information). As in the
strong plume regime, the jet reaches
a maximum height before it collapses
to a LNB. However, by contrast
with strong plumes which exhibit a
stagnation point upwind and with
weak plumes that may slightly oscillate
around their LNB with downwind
distance from the source, here, the
umbrella cloud is carried o! by the wind
field and no stagnation point devel-
ops, and the plume collapses to the
LNB within a downwind distance of one
plume height. This behavior is shown
in Figure 2d (experiment 13) and has
not been recognized in previous lab-
oratory studies. We refer thereafter
to this behavior as the “distorted”
plume regime.

Figure 2 illustrates the influence of the main source and environmental parameters on the behavior of the
buoyant jet. Increasing the wind velocity ratioW$, either by increasing the lateral speed of the injector or
decreasing the source plume velocity, strongly a!ects the trajectory of the jet, which may pass from one
dynamical regime to another, and reduces the maximum height by up to a factor of 2 (Figures 2a–2c). The
source Richardson number (Figures 2d–2f) and the strength of the stratification (Figures 2g–2i) have both
less influence on the behavior of the jet and cannot be used to discriminate the conditions favorable for the
formation of a strong, distorted, or weak plume.

The evolution of the buoyant jet strongly depends on the evolution of its density relative to the
environment, which is governed by turbulent entrainment. The rate of entrainment of ambient fluid in
the jet is controlled by the vertical plume velocity [Morton et al., 1956] and the horizontal wind velocity
[Hewett et al., 1971], suggesting that the plume velocity ratio (U$) and the wind velocity ratio (W$) are key
parameters to characterize the behavior of the jet. Figure 3 shows that the threshold conditions separating
the strong and distorted regimes, and the distorted and weak plume regimes, are actually straight lines with
a slope of 0.11 ± 0.01 and 0.37 ± 0.03, respectively. In cases whereW$$U$ < 0.11 the turbulent jet forms a
strong plume, whereas forW$$U$ > 0.37 a weak plume develops. Distorted plumes form for intermediate
conditions given by 0.11 ! W$$U$ ! 0.37. These results show that the ratioW$$U$ = #1$2

p W$(F0N)1$4 can
fully describe the transition from one regime to another, consistent with previous theoretical works on the
weak/strong plume transition [Devenish et al., 2010; Degruyter and Bonadonna, 2012;Woodhouse et al., 2013;
Mastin, 2014].

The maximum height reached by the buoyant jet varies a lot from one dynamical regime to another.
To quantitatively characterize the impact of wind on this height, we calculated the ratio of the imposed
volumetric flow rate in our experiments (Q) to the volumetric flow rate required to reach the samemaximum
height under no wind conditions (Q0). The latter parameter is calculated using a 1-D model of turbulent jet
[Morton et al., 1956] with variable entrainment [Kaminski et al., 2005]. The dimensionless volumetric flow
rate Q$Q0 is found to be close to 1 in strong plumes, and close to 10 in weak plumes. Comparing Q$Q0 with
the dimensionless numberW$$U$ shows that the latter parameter cannot be used to quantify the impact
of wind on plume height (Figure S4 in the supporting information). To make a link between Q$Q0 and the
previously described regimes, we assume that the Q$Q0 ratio is controlled by the plume distortion during its
rise. To characterize this distortion, we follow a simple kinetic approach and introduce the ratio between the
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Figure 4. Dimensionless volumetric flow rate Q$Q0 as a function of the
dimensionless time scale &$ (see text) in our experiments. Dashed line
corresponds to the best fit exponential curve given by ln

!
Q$Q0

"
= a &$ ,

with a = 15.2 ± 2.5 (uncertainty as grey envelope). The coe"cient of
determination is R2 = 0.93 ± 0.06.

two time scales for the key dynamics
at work

&$ =
&v
&h

, (6)

where &v = H0$U0 is the time scale
of vertical motions of a parcel of fluid
in the plume and &h = H1$W is the
time scale of horizontal motions of the
parcel of fluid in the plume induced
by the wind. Here the length scale H1

is the reference depth (or altitude)
over which the wind acts (e.g., the
tank depth in our experiments or the
tropopause height in the atmosphere).
For &$ >> 1, the time scale of
horizontal motions is small, wind
e!ects are expected to be dominant
and the plume to be strongly distorted
(i.e., Q$Q0 is large). For &$ << 1, the

time scale of horizontal motions is much larger than the one of vertical motions, wind e!ects are expected
to be negligible and the plume not to be distorted (i.e., Q$Q0 tends to unity). Figure 4 confirms these
expectations and shows that all data collapse onto a single master curve given by ln

!
Q$Q0

"
= a &$, with

a = 15.2 ± 2.5.

4. Implications for Volcanic Plumes

We have shown that buoyant jets rising in a crossflow may form either strong, distorted, or weak plumes
depending on the source and environmental conditions characterized by the wind velocity ratioW$ and
the plume velocity ratio U$. Despite this variety of regimes, the maximum height reached by the jet can
be predicted by using a single master curve. We now test these results against natural data of explosive
volcanic eruptions.

To quantify the impact of wind on a volcanic plume, we estimated the wind and plume velocity ratios
of well-documented eruptions. For this, we used information about the mass discharge rate (MDR), the
average wind velocity, and average stratification frequency that can be found in the literature. Mass
discharge rates were determined independently (i.e., not from the column height) using information on the
total eruption volume and duration [Mastin et al., 2009; Girault et al., 2014]. Wind velocities and stratification
frequencies correspond to average values given by Mastin [2014] (see Table S2 in the supporting
information). We assume that the gas and particles are strongly coupled in the plume, there is no humidity
in the atmosphere, and there is no strong overpressure at the base of the column. These assumptions are
valid for most Plinian eruptions (see Girault et al. [2014] for a detailed discussion), although the influence of
overpressure can be important in some cases [Ogden, 2011; Sa!araval et al., 2012]. Figure 3 compares the
predictions of the experimentally determined transitions with our estimated values forW$ and U$ from
natural data. The consistency between the predictions and the data demonstrates that the threshold
conditions separating the di!erent regimes in our experiments capture the behavior of volcanic plumes.
These predictions may therefore be used as a simple tool to predict at first order the evolution of a volcanic
plume rising in a wind field.

The results presented in Figure 4 suggest that where winds are negligible (&$ ! 0), the mass discharge
rate feeding a volcanic plume can be inferred from its maximum height by using the classical scaling
relationship valid for no wind conditions (i.e., MDR = MDR0). In the limit of extreme wind conditions
(&$"0.1), the calculated mass discharge rate can be significantly lower and may be as low as one tenth of
its actual value (Figure 4). Comparing our experimental results with the predictions made by 1-D models of
a volcanic plume in a crossflow suggests that the new scaling relationship drawn in Figure 4 captures the
physics of the phenomenon (Figure S5 in the supporting information). Combining this relationship with the
results of Carazzo et al. [2008] on volcanic plumes rising in a calm environment, we propose the following
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extended relationships to estimate the mass discharge rate MDR (in kg s"1) from the observed maximum
column height Hobs (in km):

ln (MDR) = ln
!
b1 H

n1
obs

"
+
!
cWHobs

"
for Hobs ! H1 (7)

ln (MDR) = ln
!
b2 H

n2
obs

"
+
!
cWHobs

"
for H1 < Hobs ! H2 (8)

ln (MDR) = ln
!
b3 H

n3
obs

"
+
!
cWHobs

"
for H2 < Hobs ! H3 (9)

ln (MDR) = ln
!
b4 H

n4
obs

"
+
!
cWHobs

"
for Hobs > H3 (10)

whereW is the wind velocity (in m s"1) at the tropopause height [Woodhouse et al., 2013], b1 = 142.14,
b2 = 2.21, b3 = 46.73, b4 = 1928.8, n1 = 4.04, n2 = 5.86, n3 = 4.72, n4 = 3.47 , c = 0.0031, H1 = 10 km,
H2 = 14 km, H3 = 20 km for polar atmospheric conditions, b1 = 59.61, b2 = 0.0014, b3 = 0.198, b4 = 429.2,
n1 = 4.05, n2 = 7.78, n3 = 6.18, n4 = 3.84 , c = 0.0016, H1 = 17 km, H2 = 21 km, H3 = 26 km for tropical
atmospheric conditions, and b1 = 63.22, b2 = 0.061, b3 = 4.41, b4 = 653.81, n1 = 4.06, n2 = 6.89,
n3 = 5.38, n4 = 3.75 , c = 0.0025, H1 = 11.5 km, H2 = 17 km, H3 = 21 km for midlatitude atmospheric
conditions. The calculations reported in Carazzo et al. [2008] were made for a magma temperature of 1200 K,
a specific heat of the volcanic gas and solid particles of 2000 J K"1 kg"1 and 1617 J K"1 kg"1, respectively, and
for three di!erent atmospheric profiles. Testing these relationships with data on natural plumes (Table S2
in the supporting information) reveals a good agreement between the predicted and measured mass
discharge rates (Figure S6 in the supporting information). A comparison of these relationships with previous
scaling laws [Degruyter and Bonadonna, 2012;Woodhouse et al., 2013] shows that all the models converge in
the absence of wind but do not agree in windy conditions (Figure S7 in the supporting information), most
likely because the intensity of turbulent entrainment due to wind is poorly constrained and varies from one
study to another. Thus, our experimental results open new perspectives to quantitatively determine how
the presence of wind a!ects turbulent entrainment in the plume.

5. Conclusion

We have presented a series of laboratory experiments simulating a buoyant jet rising in a stratified
environment under a uniform crossflow. We show that depending on the environmental and source
conditions, the buoyant jet follows three distinct dynamical regimes: strong, distorted, and weak plume.
The transition from one dynamical regime to another depends on the ratios of the three di!erent velocity
scales of the problem: the source velocity, a pure plume velocity scale depending on the strength of the
stratification, and the wind velocity. The transitions between the three regimes found in the experiments
are consistent with the conditions of historical eruptions. The experiments illustrate how the mass discharge
rate inferred from the maximum height of a volcanic plume can be reduced under strong wind conditions
by up to an order of magnitude compared to its actual value. The new formulae presented in this study
to link the mass discharge rate to the maximum column height can be used to e"ciently assess volcanic
hazards, especially during the management of eruptive crises that require simple, robust, and
fast predictions.
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