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Abstract

Relating the mass eruption rate (MER) of explosive eruptions to column height in the atmosphere is key to reconstructing

past eruptions and forecasting volcanic hazards. Using 134 eruptive events from the Independent Volcanic Eruption Source

Parameter Archive (IVESPA v1.0), we explore the canonical MER-height relationship for four measures of column height:

spreading level, sulfur dioxide height, and top height from both directly observed plumes and those reconstructed from deposits.

These relationships show significant differences and should be chosen carefully for operational and research applications. The

roles of atmospheric stratification, wind, and humidity remain challenging to assess across the large range of eruptive conditions

in this database, ultimately resulting in empirical relationships outperforming analytical models that account for atmospheric

conditions. This finding reveals the complexity of the height-MER relation that is difficult to constrain based on available

heterogeneous observations, which reinforces the need for improved datasets to develop eruptive column models.
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 29 

Key Points: 30 

● Using 134 volcanic events, we constrain empirical scaling relationships between mass 31 

eruption rate and four metrics of column height 32 

● We do not detect a clear influence of atmospheric stratification, wind, and humidity on 33 

scaling relationships in this global database 34 

● We discuss limitations of global data and discrepancies between scaling models and the 35 

observed behavior of explosive eruptions in nature 36 

  37 
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Abstract 38 

Relating the mass eruption rate (MER) of explosive eruptions to column height in the 39 

atmosphere is key to reconstructing past eruptions and forecasting volcanic hazards. Using 134 40 

eruptive events from the Independent Volcanic Eruption Source Parameter Archive (IVESPA 41 

v1.0), we explore the canonical MER-height relationship for four measures of column height: 42 

spreading level, sulfur dioxide height, and top height from both directly observed plumes and 43 

those reconstructed from deposits. These relationships show significant differences and should 44 

be chosen carefully for operational and research applications. The roles of atmospheric 45 

stratification, wind, and humidity remain challenging to assess across the large range of eruptive 46 

conditions in this database, ultimately resulting in empirical relationships outperforming 47 

analytical models that account for atmospheric conditions. This finding reveals the complexity of 48 

the height-MER relation that is difficult to constrain based on available heterogeneous 49 

observations, which reinforces the need for improved datasets to develop eruptive column 50 

models.   51 

Plain Language Summary 52 

Explosive volcanic eruptions expel gas and particles in the form of a volcanic column (or plume) 53 

that rises into the atmosphere. Two important metrics characterizing these eruptions are the 54 

maximum rise height and the eruptive intensity, i.e. the rate at which material is expelled from 55 

the eruptive vent. Understanding the relationship between these parameters is critical for 56 

reconstructing past volcanic events and managing hazards during volcanic crises. In this study, 57 

we use a new database of well-characterized eruptions to constrain simple relationships between 58 

column height and eruptive intensity. We distinguish four different measurements of column 59 

height: the maximum height reached by emitted particles from observations and from analysis of 60 

deposits, the height at which ash spreads in the atmosphere, and the height reached by volcanic 61 

sulfur gases. We show that each height category has a distinct relationship with the eruption 62 

intensity, enabling volcanologists and risk managers worldwide to use the relationship most 63 

appropriate to the measurements available to them. Despite the improved level of detail, our 64 

dataset cannot resolve any systematic influence of atmospheric conditions such as wind and 65 

humidity on eruption column height, highlighting that the second-order complexity of individual 66 

eruptions cannot be captured by simplified relationships. 67 
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1. Introduction 68 

Mass eruption rate (MER) and eruptive column (also known as volcanic plume) height are 69 

critical for forecasting volcanic ash transport and dispersion during an eruption (e.g., Mastin et 70 

al., 2022). MER and height also help quantify the scale of an eruption (Newhall and Self, 1982; 71 

Carey and Sigurdsson, 1989; Crosweller et al., 2012). Although column height can often be 72 

directly observed, MER is more challenging to constrain (Pioli and Harris, 2019). Satellite, radar, 73 

cameras, or infrasound sensors have been used to directly estimate MER in near real-time (e.g., 74 

Bear-Crozier et al., 2020; Freret-Lorgeril et al., 2021; Mereu et al., 2022), but these pioneering 75 

applications are either not operational or limited to a few of the world’s best-monitored 76 

volcanoes (e.g. Etna volcano, Italy). Therefore, computationally inexpensive empirical scaling 77 

relationships and one-dimensional (1D) eruptive column models remain the most common tools 78 

to estimate MER based on observed height. The scaling models are particularly widely applied 79 

owing to their simplicity. 80 

The canonical scaling model is an empirical power law relationship between MER and column 81 

height (Morton et al., 1956, Wilson et al., 1978; Sparks et al., 1997, Mastin et al., 2009). 82 

Development of these empirical relationships - and the validation of eruptive column models in 83 

general (e.g. 1D and 3D) - is limited by datasets with a narrow range of eruptive and atmospheric 84 

parameters, absent or sparse information on uncertainty, and the accidental use of dependent 85 

data, e.g., when MER is estimated from the column height itself. To address these issues, the 86 

Eruption Source Parameters working group of the Commission on Tephra Hazard Modeling of 87 

the International Association of Volcanology and Chemistry of the Earth's Interior (IAVCEI) 88 

developed the Independent Volcanic Eruption Source Parameter Archive (IVESPA, Aubry et al. 89 

2021). Here, we use IVESPA to explore new empirical relationships between MER and the 90 

height of both tephra and SO2 eruption columns. We also compare these results with analytical 91 

scaling models that account for atmospheric conditions. 92 

2. Overview of IVESPA 93 

We use version 1.0 of IVESPA (http://www.ivespa.co.uk/), which is described in Aubry et al. 94 

(2021). The database contains 134 eruptive events, i.e. eruption or eruption phases for which we 95 

have estimates of tephra fall deposit mass, eruption duration, atmospheric conditions, and 96 
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column height. Among these events, 111 are small- moderate, 18 are Subplinian and 5 are 97 

Plinian (using the Bonadonna and Costa 2013 classification). IVESPA uses the following height 98 

metrics (see sketch in Figure 2 in Aubry et al., 2021): 99 

• Htop , the height of the top of the tephra column, available for 130 events  100 

• Hspr , the spreading height of the tephra cloud, available for 41 events 101 

• HSO2 , the height of SO2 injection, available for 28 events. 102 

The measurement techniques used to estimate heights (e.g., satellite, ground-based radar or lidar, 103 

visual observations) are reported although a single best estimate based on all available 104 

measurements is provided. Estimates of heights, mass of tephra, and duration are independent, 105 

e.g. no tephra mass was estimated by inverting information from column height. We define the 106 

MER as the mass of tephra fallout, derived from mapping the tephra fallout deposits and 107 

empirical fitting of the thinning trends (e.g., Bonadonna and Costa, 2012), divided by the 108 

eruptive event duration. As defined, MER is thus a time-averaged value, and we denote it MER. 109 

For consistency, IVESPA provides height estimates that are also aimed to be representative of a 110 

time-averaged value, denoted by Htop, Hspr and Hso2.   111 

IVESPA parameters are assigned uncertainties aimed to be representative of a 95% confidence 112 

level. Both the best estimates and uncertainties are assigned an interpretation flag value between 113 

0 (no interpretation) and 2 (significant interpretation of the data source(s)). Atmospheric profiles 114 

from two climate reanalyses are provided and are time-averaged over each event duration. 115 

IVESPA also contains vertically averaged (between the vent and Htop) values of the horizontal 116 

wind speed (W) and stratification (Brunt-Väisälä frequency, N). The mean value from both 117 

atmospheric reanalyses is used as the best estimate, and their difference (halved) as the 118 
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uncertainty. Table S1 contains all parameters used in this study and their calculation is detailed 119 

in Supporting Information S1 unless directly provided in IVESPA. 120 

Top column heights are commonly estimated from deposits using isopleth contours (e.g. Carey 121 

and Sparks, 1986), which are excluded from IVESPA. However, for this study we compile an 122 

additional suite of top heights determined from isopleths, which are available for 18 eruptive 123 

events in IVESPA. This enables us to test whether MER-height relationships derived from 124 

directly observed column heights are consistent with isopleth-derived heights. We denote 125 

isopleth-derived heights Hiso,top and do not bar the symbol because they are commonly 126 

representative of the maximum rather than time-averaged column height (e.g., Burden et al., 127 

2011).  For consistency, we use Hiso,top estimated using the Carey and Sparks (1986) method 128 

rather than more recent and comprehensive methods (Rossi et al., 2019) that account e.g. for 129 

wind impact but have been applied to a limited number of events. Supporting Information S2 and 130 

Table S2 provide detail on Hiso,top data collection. 131 

3. Results 132 

3.1 Empirical scaling relationships specific to different column height metrics 133 
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 134 

Figure 1. Htop (a), Hspr (b),  HSO2 (c) and Hiso,top (d) as a function of MER. Thick continuous 135 

lines are the power law fit relationship between heights and MER, with shading showing the 136 

confidence interval, and the thin dashed lines showing the prediction interval. The confidence 137 

interval reflects the uncertainty on the fitted model parameters and can be used to test if two 138 

models are significantly different. The prediction interval reflects both the uncertainty on the 139 

model parameters and the model error and should be used when making a prediction with the 140 

model. All uncertainties are at the 95% confidence level. The bold dotted lines show the best 141 

linear fit relationship between the logarithm  MER and the logarithm of heights (logarithm refers 142 

to base 10 logarithm in this study). Information on all newly calibrated fits are provided in 143 

tabular form in Table S3. Panels e-f show comparison of the fit relationships for the four heights 144 
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considered, along with select relationships from previous studies (Wilson and Walker, 1987; 145 

Mastin et al., 2009), for the power law (e) and log-linear (f) fits. Select events on panels a-d are 146 

labelled using their IVESPA identifiers (see Table S1 for full details): BEZ=Bezymianny, 147 

CHA=Chaitén, COT=Cotopaxi, ETN=Etna, HEL=St. Helens, MER=Merapi, NEV=Nevado del 148 

Ruiz, PIN=Pinatubo, POP=Popocatépetl, STR=Stromboli. 149 

Figure 1 a–d shows how Htop (a), Hspr (b),  Hso2  (c) and Hiso,top (d) relate to  MER, and 150 

corresponding empirical power law relationships using a least-squares fit. MER values in the 151 

IVESPA database range from 2×101–2×108 kg s-1 (median: 1.6×106 kg s-1), which is a larger 152 

range with a higher proportion of low-intensity events compared to previous studies (e.g., Mastin 153 

et al. (2009) provide a MER range of 6×103–2×108 kg s-1 with median of 107 kg s-1). Defining 154 

MER using the total mass of tephra (i.e., including pyroclastic density current contributions 155 

instead of fallout only) results in lower coefficients of determination (R2, Figure S1). For the  156 

MER − Htop fit constrained by 130 events, we find best-fit relationships between the MER in kg 157 

s-1 and Htop in km above vent level (a.v.l.) of: 158 

Htop  =  0.345 × MER
0.226

    (Equation 1) 159 

with the MER as independent variable, and 160 

log(MER) = 2.83 + 3.54 × log(Htop), equivalent to Htop  =  0.159 × MER
0.283

(Equation 2) 161 

 with Htop as the independent variable and using a log-linear fit. Parameters in Equation 1 are 162 

most sensitive to events with high MER values (Figure S2).  Best fits for all other types of height 163 

are provided in Figure 1 e–f and Table S3, which aims to facilitate use of our new empirical fits, 164 

in particular by Volcanic Ash Advisory Centres (VAACs) and Volcano Observatories (VOs). 165 

With the exception of  Hiso,top, log-linear fits obtained using any of the considered heights as the 166 

independent variable predict significantly lower heights for low MER and significantly higher 167 
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heights for high MER compared to equivalent power law fits calibrated with the MER as the 168 

independent variable (Figure 1.a-d).  169 

Figures 1 e–f highlight important differences between empirical fits for different height metrics. 170 

For a given MER value, the predicted Hiso,top tends to be significantly higher than the predicted 171 

Htop (average Hiso,top/Htop ratio across IVESPA events = 1.45, see Figure S3). This is consistent 172 

with the expectation that isopleth-based height reflects an upper bound of the top height, whereas 173 

IVESPA top heights aim to reflect a time-averaged value. In addition, the method of Carey and 174 

Sparks (1986) tends to overestimate plume height in eruptions in significant wind (Rossi et al., 175 

2019). Unsurprisingly, predicted Hspr tends to be lower than predicted  Htop, with the average 176 

Hspr/Htop ratio of 0.76 in IVESPA matching exactly that predicted by theory for buoyant 177 

plumes rising in quiescent stratified environments (Morton et al., 1956; Figure S3). Predicted 178 

Htop and HSO2  are generally not significantly different (average HSO2/Htop ratio is 0.97 in 179 

IVESPA, see Figure S3).  180 

The widely used empirical scaling of Mastin et al. (2009) compares best with our Htop fit, 181 

although it is closer to our Hiso,top fit at high  MERs for the power law fit (Fig. 1.e). This finding 182 

is not surprising as although the plume height type is unspecified in Mastin et al. (2009), most 183 

heights in the literature generally reflect top height values, and Mastin et al. (2009) included 184 

isopleth-based column heights in their compilation (unlike IVESPA). Although there are 185 

statistically significant differences between the Mastin et al. (2009) and our new top height fits 186 

(up to 15% for predicted Htop and up to 0.6 for predicted log(MER), i.e. a factor of 4 for MER), 187 

these differences are small relative to the prediction errors of these empirical laws. The relative 188 

root mean squared error (RMSE) on  Htop (predicted from MER) is 53% for Equation 1, 57% for 189 

Equation 2 and 60% for Mastin et al. (2009) (Figure S4.a). When using these relationships and 190 

observed Htop to invert for MER, duration or tephra fallout mass (Fig. S4.b-d), the RMSE on a 191 

logarithmic scale is 0.81 for Equation 1, 0.76 for Equation 2 and 0.80 for Mastin et al. (2009). 192 

The new empirical relationships for Htop (Equations 1-2) are thus broadly consistent with Mastin 193 

et al. (2009). However, we show that the optimal parameter values of empirical scaling 194 
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relationships and corresponding predictions differ greatly depending on the height metric (i.e. 195 

Htop, Hspr, HSO2 or Hiso,top). 196 

3.2 Accounting for atmospheric conditions using analytical scaling models 197 

Unlike the empirical relationships shown in Figure 1, several analytical (derived from buoyant 198 

plume theory) scaling models explicitly account for atmospheric stratification ( 𝑁) and horizontal 199 

wind speed  (𝑊). Here use IVESPA to evaluate five of these models (Morton et al., 1956, 200 

Hewett et al., 1971, Degruyter and Bonadonna, 2012, Woodhouse et al., 2013 and Aubry et al., 201 

2017; see details in Table 1 and Supporting Text S3). Table 1 (“unweighted” column) provides 202 

the adjusted R2 when using the MER and atmospheric conditions as independent variables, and 203 

 Htop as the dependent variable. The only model that outperforms the empirical relationship 204 

between  Htop and  MER (Equation 1, R2 = 0.67) is another empirical power law between Htop,  205 

MER, 𝑁 and 𝑊 (R2 = 0.75). However, the obtained exponent for 𝑁 is 1.1, meaning that higher 206 

column heights are obtained for stronger stratification values, which is an unphysical result 207 

(Morton et al., 1956). The analytical scaling models have R2 values between 0.32 and 0.52, much 208 

smaller than the empirical power law. This finding cannot be explained by the fact that we use 209 

the same dataset to calibrate Equation 1 and calculate corresponding R2 because the Mastin et al. 210 

(2009) relationship also has a higher R2 (0.62) than analytical scalings despite being calibrated 211 

against a much smaller dataset (Aubry et al., 2021). 212 

The poor performance of analytical scaling relationships could be explained by poorly 213 

constrained parameter values in IVESPA, or the fact that specific eruptions dominate the 214 
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database. To explore these possibilities, in Table 1, we give different weight to events in the 215 

database according to their characteristics (Supporting Information S4): 216 

● In column 4 (“Eruption”), we give the same weight to each eruption in IVESPA (e.g., the 217 

18 events from the 1989-1990 Mt Redoubt eruption have the same weight as the two 218 

events from the 1991 Mt. Pinatubo eruption). 219 

● In column 5 (“Uncertainty”), weights are inversely proportional to the uncertainty on the 220 

observed and predicted  Htop values for each event, the former being linked to MER 221 

uncertainty. 222 

● In column 6 (“Interpretation flag”), less weight is given to events that required significant 223 

interpretation of the literature to attribute  Htop and MER values. 224 

● In column 7 (“All”), the events are weighted according to the product of weights in 225 

columns 4-6 to account for all three factors above. 226 

We find that these weighting procedures do not change the main results: i) the empirical power 227 

law fit between Htop and MER still outperforms the analytical scaling models in terms of R2; and 228 

ii) the best-performing model is still the empirical power law that includes 𝑁 and 𝑊 terms, and 229 

gives a positive (unphysical) exponent for 𝑁. When weighting the eruptive events by parameter 230 

uncertainty, the performance of all scaling models improves, with greater improvement among 231 

the analytical models accounting for atmospheric conditions. For example, the difference in R2 232 

values between the power-law fit and the best analytical scaling (Degruyter et al., 2012) when 233 

applying all weighting procedures is 0.06, whereas it is 0.19 unweighted. For the power law fit, 234 

the MER exponent varies between 0.21 and 0.25 depending on the weighting procedures applied 235 

and is thus relatively robust. However, for more complex models, fit parameters are very 236 

sensitive to the weighting. For example, the calibrated value of entrainment coefficient ratio β/α 237 

in the Aubry et al. (2017) scaling model ranges between -0.43 (an unphysical value) and 4.4. 238 

Laboratory studies suggest that the ratio of β/α should be 0.6- 20 (see Aubry and Jellinek, 2018, 239 

and references therein). We note that the Hewett et al. (1971) scaling model consistently has the 240 

smallest R2 values, and we always find unphysical parameter values for the Woodhouse et al. 241 
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(2013) scaling model, possibly due to their use of a simplified linear wind profile (see Figure 242 

S5).  243 

 

Reference 

 

Expression for 

𝐇𝐭𝐨𝐩 

Weighting procedure 

Unweighted Eruption Uncertain

ty 

Interpreta

tion flag 

All 

Empirical 

power law 

with 

coefficient

s from 

Mastin et 

al. (2009) 

0.304 MER0.241 R2=0.62 R2=0.67 R2=0.68 R2=0.65 R2=0.79 

Empirical 

power law 

with 

coefficient

s 

calibrated 

herein 

a MERb R2=0.67, 

a=0.34, 

b=0.23 

R2=0.7, 

a=0.46, 

b=0.21 

R2=0.74, 

a=0.23, 

b=0.25 

R2=0.69, 

a=0.32, 

b=0.23 

R2=0.81, 

a=0.25, 

b=0.25 

Empirical 

power law 

accounting 

for wind 

and 

a MERb𝑁c𝑊d R2=0.75, a=89, 

b=0.17, c=1.1, 

d=-0.049 

R2=0.79, 

a=1.2e+02, 

b=0.16, 

c=1.1, d=-

0.0048 

R2=0.75, 

a=2.4, 

b=0.24, 

c=0.48, d=-

0.013 

R2=0.74, 

a=49, b=0.18, 

c=0.94, d=-

0.07 

R2=0.81, 

a=2.1, b=0.23, 

c=0.46, 

d=0.016 
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Table 1. Adjusted R2 and calibrated parameter values for tested scaling models, for various 244 

weights applied to each IVESPA event (see sections 3.2 and S4). * indicate analytical models. 245 

Physical parameters V∗, Ws, W∗and β/α and functional expressions fD12, fW13 and fA17 are 246 

provided in Supporting Information S3. Orange shading highlights models with calibrated 247 

stratificati

on 

Morton et 

al. (1956)* 

a MER0.25𝑁-0.75 R2=0.49, 

a=0.0091 

R2=0.51, 

a=0.0095 

R2=0.68, 

a=0.0087 

R2=0.53, 

a=0.0094 

R2=0.75, 

a=0.0096 

Hewett et 

al. (1971)* 

a MER0.33𝑁-

0.66𝑊-0.33 

R2=0.32, 

a=0.0072 

R2=0.29, 

a=0.0069 

R2=0.58, 

a=0.0084 

R2=0.42, 

a=0.0077 

R2=0.63, 

a=0.0088 

Degruyter 

et al. 

(2012)* 

a MER0.25𝑁-

0.75fD12(V∗,b) 

R2=0.48, 

a=0.0092, 

b=0.052 

R2=0.5, 

a=0.0089, 

b=-0.2 

R2=0.68, 

a=0.0091, 

b=0.11 

R2=0.54, 

a=0.01, 

b=0.27 

R2=0.75, 

a=0.01, b=0.13 

Woodhous

e et. al 

(2013)* 

a MER0.25𝑁-

0.75fW13(Ws,β/α) 

R2=0.52, 

a=0.011, β/α=-

6.8 

R2=0.53, 

a=0.011, 

β/α=-5.7 

R2=0.69, 

a=0.01, 

β/α=-5.5 

R2=0.58, 

a=0.011, 

β/α=-7.1 

R2=0.75, 

a=0.011, β/α=-

3.7 

Aubry et 

al. (2017)* 

a MER0.25𝑁-

0.75fA17(W∗,β/α) 

R2=0.51, 

a=0.0099, 

β/α=2.5 

R2=0.51, 

a=0.0093, 

β/α=-0.43 

R2=0.69, 

a=0.0099, 

β/α=3.5 

R2=0.58, 

a=0.011, 

β/α=4.4 

R2=0.74, 

a=0.0098, 

β/α=0.48 
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parameter values deemed non-physical. For all other models, bold text highlights the one that has 248 

the highest R2 value. 249 

4. Discussion 250 

4.1 Influence of atmospheric conditions 251 

Using 25 eruptive events, Mastin (2014) demonstrated that a 1D plume model accounting for 252 

atmospheric conditions was not as good as an empirical power-law in predicting MER from 253 

column height. Despite having improved data compilation methodologies and over 5 times more 254 

events in IVESPA (Aubry et al., 2021), we reach similar conclusions as the simple MER-Htop 255 

empirical power law outperforms analytical scaling models accounting for atmospheric 256 

conditions (Table 1). To understand this result, we define the standardized Htop as the ratio of 257 

the observed Htop to that predicted by Equation 1 (i.e. Htop/[0.0345MER0.226]). This variable 258 

expresses how high Htop is relative to the value expected from the MER alone. Figure 2a 259 

suggests that the standardized Htop does not depend on the Brunt Väisälä frequency N in 260 

IVESPA, whereas some of the results in Table 1 even suggest that Htop increases with N 261 

(empirical power-law with N and W terms). These results contradict theoretical and experimental 262 

evidence that Htop should decrease in a more strongly stratified atmosphere (e.g. Morton et al., 263 

1956; Woods, 1988), and explain the poor performance of analytical scaling models in which 264 

Htop is proportional to N
−0.75

 (Table 1). One potential explanation is that N generally increases 265 

with altitude (Figure S5a) and in turn with Htop and MER. If N is normalised for each event by 266 

the value obtained from the average atmospheric profile across IVESPA (which removes the 267 

dependence of N on vent and column altitude), it becomes negatively although insignificantly 268 

correlated with the standardized Htop (Figure S6.a). 269 

Figure 2b shows that the standardized top height decreases with stronger horizontal wind 270 

speed W, as expected from laboratory experiments (e.g., Hewett et al., 1971; Carazzo et al., 271 

2014) and a few well-observed eruptions (e.g., Poulidis et al., 2019). The two variables are not 272 

significantly correlated despite the large range of W values in IVESPA (3–41 m s-1). We also do 273 
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not detect any influence of relative humidity (Figure 3c), despite model predictions that the 274 

atmospheric water vapour entrained into a volcanic plume and the associated latent heat and 275 

buoyancy flux should boost Htop by over 5 km for small-moderate eruptions in a wet tropical 276 

atmosphere (e.g., Woods, 1993; Glaze et al., 1997; Herzog et al., 1998; Tupper et al., 2009). 277 

Although several studies have noted that tropical volcanic plumes commonly reach the 278 

tropopause (e.g., Tupper and Wunderman, 2009; Carboni et al., 2016), without any constraint on 279 

MER as in this study, the role of humidity can only be speculated. Removing the influence of 280 

altitude on W and relative humidity (Figure S5) only marginally increases their apparent 281 

influence on the standardized top height (Figure S6).  282 

Last, we tested the influence of volcanic plume morphology (i.e., weak, bent-over and spreading 283 

downwind only, versus strong, spreading both upwind and downwind). This parameter is 284 

explicitly constrained for 44 events in IVESPA, so we complement it by calculating  285 

Π = (
𝛼

𝛽
)

2 Htop 𝑁 

1.8 𝑊
    (Equation 3)  286 

for each event. Π is a non-dimensional parameter defined by the ratio of the wind entrainment 287 

and plume rise timescales (Degruyter and Bonadonna, 2012) and has been shown to relate to the 288 

plume morphology for a handful of eruptions (e.g., Bonadonna et al., 2015b). We use α=0.1 and 289 

β=0.55 (Aubry and Jellinek, 2018) in Equation 3. Π values in IVESPA range from 0.02 to 1.1 290 

with weak plumes associated with lower values. Both types of plumes are found for 0.03 < Π < 291 

0.35 (Figures 2d and S3), suggesting a transition from weak to strong plumes at a critical value 292 

of Π ≈ 0.1, in agreement with the values used operationally at Mount Etna (Scollo et al., 2019). 293 

Despite the absence of any clear relationship between the standardized Htop and Π in Fig. 2d, the 294 
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variables are significantly correlated, which hints to a small but discernible influence of the 295 

plume morphology on the Htop - MER relationship.      296 

 297 

Figure 2. Standardized Htop (i.e. ratio of observed Htop and that predicted by Equation 1 based 298 

on MER value) plotted as a function of 𝑁 (a), 𝑊 (b), average relative humidity (c), and Π (d). 299 

Linear trends are highlighted by the dotted dashed lines with correlation coefficient r annotated 300 
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on each panel (bold if significant at the 95% confidence level). GRI= Grímsvötn, 301 

MIY=Miyakejima, RED=Redoubt; see Figure 1 for other acronyms. 302 

4.2 Influence of location and column height measurement technique  303 

Figure 3a shows the distribution of standardized Htop for 10 geographical regions. Across these 304 

regions, the median standardized Htop varies between 0.72 and 1.24, i.e. the median Htop differs 305 

from the median value predicted using Equation 1 by -28% (Redoubt) to +24% (Central 306 

America). The distributions of standardized Htop for these two regions significantly differ 307 

compared to all other regions. Differences across the 10 considered regions might reflect a range 308 

of factors including atmospheric conditions or the prevalence of certain magma or edifice types. 309 

Non-physical factors might also be at play, e.g. the prevalence of island volcanoes which would 310 

affect tephra fallout mass and MER estimates due to limited deposition on land. Even when 311 

subdivided into 10 geographical areas, most still contain 10-24 events. We can thus calibrate 312 

region or volcano-specific  Htop - MER relationships and show select examples in Figure 3.c.  313 

Figure 3.b shows the distribution of standardized Htop for 8 different combinations of 314 

measurement technique used to measure  Htop. Standardized Htop issued from satellite-only 315 

measurements or a combination of satellite and ground-based instrumental measurements (e.g., 316 

radar) are higher than for other measurement techniques (p-value<0.1), consistent with Tupper 317 

and Wunderman (2009). In contrast, when visual measurements (ground or aircraft) were used 318 

alone or in combination with satellite imagery, the standardized Htop tends to be lower (p-319 

value<0.15). Figure 3d shows that the unique Htop -MER relationships for these two categories 320 

(satellite versus ground based measurements) differ significantly at most MER values, although 321 

the predicted Htop differ at most by 2 km for MER<108 kg/s. The dependence of standardized  322 

Htop on other parameters was explored with examples for duration and median grain size shown 323 

in Figure S7. The 17 events with a duration smaller than 10 times the plume rise timescale tend 324 

to have smaller standardized  Htop (Figure S7.a) but giving these short-duration events less 325 

weights does not change Table 1 results. 326 
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Last, for each sub-category shown in Figure 3a and 3b, we annotate the correlation coefficient 327 

between the logarithm of the standardized Htop and that of the wind speed  W. This correlation is 328 

only significant for the subgroup of satellite and ground-based Htop measurement (r = -0.87). 329 

Negative correlations are expected, but we find a positive correlation for some event groups, e.g., 330 

for Icelandic eruptions (r = 0.34, Figure 3.a). This finding further emphasises the difficulty of 331 

detecting atmospheric influence on the Htop-MER relationship in IVESPA v1.0. 332 

 333 

Figure 3. Distribution of the standardized Htop for specific volcanic regions (a) or  Htop 334 

measurement techniques (b). Box plots show the minimum, quartiles, and maximum values. 335 
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Three values are annotated for each subgroup: the number of events (n), the p-value resulting 336 

from a Mann-Whitney U-test testing the probability that values from the subgroup differ 337 

significantly from the values from all other subgroups (p), and the correlation coefficient 338 

between the logarithm of the standardized Htop and the logarithm of W (r, in bold if significant 339 

at the 95% level). Panels c-d are similar to Figure 1.a, but show Htop -MER power law fits 340 

calibrated for select subgroups of regions (c) or measurement techniques (d). CNG= Cerro 341 

Negro, SHM= Soufrière Hills Montserrat; see Figures 1-2 for other labels. 342 

4.3 Measuring eruptions for estimating MER-H relationships 343 

The challenging detection of atmospheric influences on the MER-column height relationship in 344 

IVESPA v1.0 may be due to the use of 0D scaling models, and future studies could investigate 345 

application of more sophisticated eruptive column models (e.g.. 1D, 3D) or data analysis 346 

techniques (e.g. machine learning) to IVESPA. However, our study hints at developments of 347 

IVESPA, and eruptive data more generally, that will help build a better understanding of the 348 

relationship between MER and column height. First, Figure 3.b shows that future versions of 349 

IVESPA should separate column heights according to measurement type instead of providing 350 

one height value and a list of measurements type used to derive it. Second, Figure 3.a and other 351 

studies suggest that compiling information such as magma composition or type (e.g. Trancoso et 352 

al., 2022) and conduit information (e.g. Gouhier et al., 2019) would help constrain other factors 353 

modulating the relationship between height and MER. In terms of atmospheric conditions, one 354 

open question is how well large-scale reanalysis datasets resolve meterological variability at the 355 

scale of volcanic edifices. Last, a challenging question is whether the use of time-averaged 356 

eruption source parameters enable detection of atmospheric influence on plume dynamics in a 357 

database with such a variety of eruptions. Advances in near real-time measurements of MER 358 

(Caudron et al., 2015; Freret-Lorgeril et al., 2018, 2021; Bear-Crozier et al., 2020; Mereu et al. 359 

2022) might unlock the potential to provide time series of parameters for both height and MER 360 
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for many events. Such collection of time series would provide a step change in assessing MER – 361 

column height relationships. 362 

5 Conclusions 363 

We used the new Independent Volcanic Eruption Source Parameter Archive (IVESPA, Aubry et 364 

al., 2021) to explore the empirical power law relationship linking eruptive column height to 365 

MER. A key improvement over previous work is that our new relationships are specific to the 366 

type of column height considered, i.e. the height of the SO2 cloud (HSO2), the spreading height of 367 

the tephra cloud (Hspr), and the top height of the ash cloud directly measured (Htop) or derived 368 

from the deposit (Hiso,top) with significant differences among these four metrics (Figure 1 and 369 

S3). We recommend that users such as VAACs or VOs apply the relationship most adapted to 370 

their available height measurement type, and we provide extensive details on each calibrated 371 

relationship and their uncertainties in Table S3. The newly calibrated power law relationship 372 

between  Htop and MER (Equation 1) still results in discrepancies of 50% for predicted Htop, and 373 

a factor of ~6 for predicted MER (Figures 1 and S4). Despite such large discrepancies, this 374 

empirical power law outperforms analytical scaling models accounting for atmospheric 375 

conditions (Table 1). This is an interesting result given the extensive body of literature 376 

describing the influence of wind, humidity, and atmospheric stratification on eruption column 377 

behaviour. Our inability to detect a statistically significant influence of these atmospheric 378 

properties on column heights in the improved database suggests several possibilities. First, 379 

further improvements to IVESPA might be needed such as better consistency and distinctions in 380 

methods used to estimate Htop (e.g. satellite, radar, visual) and MER (e.g. empirical model used 381 

to fit thinning trends). Second, analysis of the Htop-MER relationship using more sophisticated 382 

models than scaling relationships, such as 1D and 3D plume models, may be required. And third, 383 

we may simply be identifying an inherent limitation in the accuracy with which we capture time-384 

averaged plume heights or erupted mass by deposit mapping. In other words, defining a 385 

relationship based on widely varying magmatic conditions, eruption styles, atmospheric 386 
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conditions, and measurement techniques helps reveal first-order controls on column height, but 387 

obscures the nuances of eruption behaviour that are apparent on a case-by-case basis.  388 
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Key Points: 30 

● Using 134 volcanic events, we constrain empirical scaling relationships between mass 31 

eruption rate and four metrics of column height 32 

● We do not detect a clear influence of atmospheric stratification, wind, and humidity on 33 

scaling relationships in this global database 34 

● We discuss limitations of global data and discrepancies between scaling models and the 35 

observed behavior of explosive eruptions in nature 36 
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Abstract 38 

Relating the mass eruption rate (MER) of explosive eruptions to column height in the 39 

atmosphere is key to reconstructing past eruptions and forecasting volcanic hazards. Using 134 40 

eruptive events from the Independent Volcanic Eruption Source Parameter Archive (IVESPA 41 

v1.0), we explore the canonical MER-height relationship for four measures of column height: 42 

spreading level, sulfur dioxide height, and top height from both directly observed plumes and 43 

those reconstructed from deposits. These relationships show significant differences and should 44 

be chosen carefully for operational and research applications. The roles of atmospheric 45 

stratification, wind, and humidity remain challenging to assess across the large range of eruptive 46 

conditions in this database, ultimately resulting in empirical relationships outperforming 47 

analytical models that account for atmospheric conditions. This finding reveals the complexity of 48 

the height-MER relation that is difficult to constrain based on available heterogeneous 49 

observations, which reinforces the need for improved datasets to develop eruptive column 50 

models.   51 

Plain Language Summary 52 

Explosive volcanic eruptions expel gas and particles in the form of a volcanic column (or plume) 53 

that rises into the atmosphere. Two important metrics characterizing these eruptions are the 54 

maximum rise height and the eruptive intensity, i.e. the rate at which material is expelled from 55 

the eruptive vent. Understanding the relationship between these parameters is critical for 56 

reconstructing past volcanic events and managing hazards during volcanic crises. In this study, 57 

we use a new database of well-characterized eruptions to constrain simple relationships between 58 

column height and eruptive intensity. We distinguish four different measurements of column 59 

height: the maximum height reached by emitted particles from observations and from analysis of 60 

deposits, the height at which ash spreads in the atmosphere, and the height reached by volcanic 61 

sulfur gases. We show that each height category has a distinct relationship with the eruption 62 

intensity, enabling volcanologists and risk managers worldwide to use the relationship most 63 

appropriate to the measurements available to them. Despite the improved level of detail, our 64 

dataset cannot resolve any systematic influence of atmospheric conditions such as wind and 65 

humidity on eruption column height, highlighting that the second-order complexity of individual 66 

eruptions cannot be captured by simplified relationships. 67 
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1. Introduction 68 

Mass eruption rate (MER) and eruptive column (also known as volcanic plume) height are 69 

critical for forecasting volcanic ash transport and dispersion during an eruption (e.g., Mastin et 70 

al., 2022). MER and height also help quantify the scale of an eruption (Newhall and Self, 1982; 71 

Carey and Sigurdsson, 1989; Crosweller et al., 2012). Although column height can often be 72 

directly observed, MER is more challenging to constrain (Pioli and Harris, 2019). Satellite, radar, 73 

cameras, or infrasound sensors have been used to directly estimate MER in near real-time (e.g., 74 

Bear-Crozier et al., 2020; Freret-Lorgeril et al., 2021; Mereu et al., 2022), but these pioneering 75 

applications are either not operational or limited to a few of the world’s best-monitored 76 

volcanoes (e.g. Etna volcano, Italy). Therefore, computationally inexpensive empirical scaling 77 

relationships and one-dimensional (1D) eruptive column models remain the most common tools 78 

to estimate MER based on observed height. The scaling models are particularly widely applied 79 

owing to their simplicity. 80 

The canonical scaling model is an empirical power law relationship between MER and column 81 

height (Morton et al., 1956, Wilson et al., 1978; Sparks et al., 1997, Mastin et al., 2009). 82 

Development of these empirical relationships - and the validation of eruptive column models in 83 

general (e.g. 1D and 3D) - is limited by datasets with a narrow range of eruptive and atmospheric 84 

parameters, absent or sparse information on uncertainty, and the accidental use of dependent 85 

data, e.g., when MER is estimated from the column height itself. To address these issues, the 86 

Eruption Source Parameters working group of the Commission on Tephra Hazard Modeling of 87 

the International Association of Volcanology and Chemistry of the Earth's Interior (IAVCEI) 88 

developed the Independent Volcanic Eruption Source Parameter Archive (IVESPA, Aubry et al. 89 

2021). Here, we use IVESPA to explore new empirical relationships between MER and the 90 

height of both tephra and SO2 eruption columns. We also compare these results with analytical 91 

scaling models that account for atmospheric conditions. 92 

2. Overview of IVESPA 93 

We use version 1.0 of IVESPA (http://www.ivespa.co.uk/), which is described in Aubry et al. 94 

(2021). The database contains 134 eruptive events, i.e. eruption or eruption phases for which we 95 

have estimates of tephra fall deposit mass, eruption duration, atmospheric conditions, and 96 
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column height. Among these events, 111 are small- moderate, 18 are Subplinian and 5 are 97 

Plinian (using the Bonadonna and Costa 2013 classification). IVESPA uses the following height 98 

metrics (see sketch in Figure 2 in Aubry et al., 2021): 99 

• Htop , the height of the top of the tephra column, available for 130 events  100 

• Hspr , the spreading height of the tephra cloud, available for 41 events 101 

• HSO2 , the height of SO2 injection, available for 28 events. 102 

The measurement techniques used to estimate heights (e.g., satellite, ground-based radar or lidar, 103 

visual observations) are reported although a single best estimate based on all available 104 

measurements is provided. Estimates of heights, mass of tephra, and duration are independent, 105 

e.g. no tephra mass was estimated by inverting information from column height. We define the 106 

MER as the mass of tephra fallout, derived from mapping the tephra fallout deposits and 107 

empirical fitting of the thinning trends (e.g., Bonadonna and Costa, 2012), divided by the 108 

eruptive event duration. As defined, MER is thus a time-averaged value, and we denote it MER. 109 

For consistency, IVESPA provides height estimates that are also aimed to be representative of a 110 

time-averaged value, denoted by Htop, Hspr and Hso2.   111 

IVESPA parameters are assigned uncertainties aimed to be representative of a 95% confidence 112 

level. Both the best estimates and uncertainties are assigned an interpretation flag value between 113 

0 (no interpretation) and 2 (significant interpretation of the data source(s)). Atmospheric profiles 114 

from two climate reanalyses are provided and are time-averaged over each event duration. 115 

IVESPA also contains vertically averaged (between the vent and Htop) values of the horizontal 116 

wind speed (W) and stratification (Brunt-Väisälä frequency, N). The mean value from both 117 

atmospheric reanalyses is used as the best estimate, and their difference (halved) as the 118 
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uncertainty. Table S1 contains all parameters used in this study and their calculation is detailed 119 

in Supporting Information S1 unless directly provided in IVESPA. 120 

Top column heights are commonly estimated from deposits using isopleth contours (e.g. Carey 121 

and Sparks, 1986), which are excluded from IVESPA. However, for this study we compile an 122 

additional suite of top heights determined from isopleths, which are available for 18 eruptive 123 

events in IVESPA. This enables us to test whether MER-height relationships derived from 124 

directly observed column heights are consistent with isopleth-derived heights. We denote 125 

isopleth-derived heights Hiso,top and do not bar the symbol because they are commonly 126 

representative of the maximum rather than time-averaged column height (e.g., Burden et al., 127 

2011).  For consistency, we use Hiso,top estimated using the Carey and Sparks (1986) method 128 

rather than more recent and comprehensive methods (Rossi et al., 2019) that account e.g. for 129 

wind impact but have been applied to a limited number of events. Supporting Information S2 and 130 

Table S2 provide detail on Hiso,top data collection. 131 

3. Results 132 

3.1 Empirical scaling relationships specific to different column height metrics 133 
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 134 

Figure 1. Htop (a), Hspr (b),  HSO2 (c) and Hiso,top (d) as a function of MER. Thick continuous 135 

lines are the power law fit relationship between heights and MER, with shading showing the 136 

confidence interval, and the thin dashed lines showing the prediction interval. The confidence 137 

interval reflects the uncertainty on the fitted model parameters and can be used to test if two 138 

models are significantly different. The prediction interval reflects both the uncertainty on the 139 

model parameters and the model error and should be used when making a prediction with the 140 

model. All uncertainties are at the 95% confidence level. The bold dotted lines show the best 141 

linear fit relationship between the logarithm  MER and the logarithm of heights (logarithm refers 142 

to base 10 logarithm in this study). Information on all newly calibrated fits are provided in 143 

tabular form in Table S3. Panels e-f show comparison of the fit relationships for the four heights 144 
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considered, along with select relationships from previous studies (Wilson and Walker, 1987; 145 

Mastin et al., 2009), for the power law (e) and log-linear (f) fits. Select events on panels a-d are 146 

labelled using their IVESPA identifiers (see Table S1 for full details): BEZ=Bezymianny, 147 

CHA=Chaitén, COT=Cotopaxi, ETN=Etna, HEL=St. Helens, MER=Merapi, NEV=Nevado del 148 

Ruiz, PIN=Pinatubo, POP=Popocatépetl, STR=Stromboli. 149 

Figure 1 a–d shows how Htop (a), Hspr (b),  Hso2  (c) and Hiso,top (d) relate to  MER, and 150 

corresponding empirical power law relationships using a least-squares fit. MER values in the 151 

IVESPA database range from 2×101–2×108 kg s-1 (median: 1.6×106 kg s-1), which is a larger 152 

range with a higher proportion of low-intensity events compared to previous studies (e.g., Mastin 153 

et al. (2009) provide a MER range of 6×103–2×108 kg s-1 with median of 107 kg s-1). Defining 154 

MER using the total mass of tephra (i.e., including pyroclastic density current contributions 155 

instead of fallout only) results in lower coefficients of determination (R2, Figure S1). For the  156 

MER − Htop fit constrained by 130 events, we find best-fit relationships between the MER in kg 157 

s-1 and Htop in km above vent level (a.v.l.) of: 158 

Htop  =  0.345 × MER
0.226

    (Equation 1) 159 

with the MER as independent variable, and 160 

log(MER) = 2.83 + 3.54 × log(Htop), equivalent to Htop  =  0.159 × MER
0.283

(Equation 2) 161 

 with Htop as the independent variable and using a log-linear fit. Parameters in Equation 1 are 162 

most sensitive to events with high MER values (Figure S2).  Best fits for all other types of height 163 

are provided in Figure 1 e–f and Table S3, which aims to facilitate use of our new empirical fits, 164 

in particular by Volcanic Ash Advisory Centres (VAACs) and Volcano Observatories (VOs). 165 

With the exception of  Hiso,top, log-linear fits obtained using any of the considered heights as the 166 

independent variable predict significantly lower heights for low MER and significantly higher 167 
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heights for high MER compared to equivalent power law fits calibrated with the MER as the 168 

independent variable (Figure 1.a-d).  169 

Figures 1 e–f highlight important differences between empirical fits for different height metrics. 170 

For a given MER value, the predicted Hiso,top tends to be significantly higher than the predicted 171 

Htop (average Hiso,top/Htop ratio across IVESPA events = 1.45, see Figure S3). This is consistent 172 

with the expectation that isopleth-based height reflects an upper bound of the top height, whereas 173 

IVESPA top heights aim to reflect a time-averaged value. In addition, the method of Carey and 174 

Sparks (1986) tends to overestimate plume height in eruptions in significant wind (Rossi et al., 175 

2019). Unsurprisingly, predicted Hspr tends to be lower than predicted  Htop, with the average 176 

Hspr/Htop ratio of 0.76 in IVESPA matching exactly that predicted by theory for buoyant 177 

plumes rising in quiescent stratified environments (Morton et al., 1956; Figure S3). Predicted 178 

Htop and HSO2  are generally not significantly different (average HSO2/Htop ratio is 0.97 in 179 

IVESPA, see Figure S3).  180 

The widely used empirical scaling of Mastin et al. (2009) compares best with our Htop fit, 181 

although it is closer to our Hiso,top fit at high  MERs for the power law fit (Fig. 1.e). This finding 182 

is not surprising as although the plume height type is unspecified in Mastin et al. (2009), most 183 

heights in the literature generally reflect top height values, and Mastin et al. (2009) included 184 

isopleth-based column heights in their compilation (unlike IVESPA). Although there are 185 

statistically significant differences between the Mastin et al. (2009) and our new top height fits 186 

(up to 15% for predicted Htop and up to 0.6 for predicted log(MER), i.e. a factor of 4 for MER), 187 

these differences are small relative to the prediction errors of these empirical laws. The relative 188 

root mean squared error (RMSE) on  Htop (predicted from MER) is 53% for Equation 1, 57% for 189 

Equation 2 and 60% for Mastin et al. (2009) (Figure S4.a). When using these relationships and 190 

observed Htop to invert for MER, duration or tephra fallout mass (Fig. S4.b-d), the RMSE on a 191 

logarithmic scale is 0.81 for Equation 1, 0.76 for Equation 2 and 0.80 for Mastin et al. (2009). 192 

The new empirical relationships for Htop (Equations 1-2) are thus broadly consistent with Mastin 193 

et al. (2009). However, we show that the optimal parameter values of empirical scaling 194 
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relationships and corresponding predictions differ greatly depending on the height metric (i.e. 195 

Htop, Hspr, HSO2 or Hiso,top). 196 

3.2 Accounting for atmospheric conditions using analytical scaling models 197 

Unlike the empirical relationships shown in Figure 1, several analytical (derived from buoyant 198 

plume theory) scaling models explicitly account for atmospheric stratification ( 𝑁) and horizontal 199 

wind speed  (𝑊). Here use IVESPA to evaluate five of these models (Morton et al., 1956, 200 

Hewett et al., 1971, Degruyter and Bonadonna, 2012, Woodhouse et al., 2013 and Aubry et al., 201 

2017; see details in Table 1 and Supporting Text S3). Table 1 (“unweighted” column) provides 202 

the adjusted R2 when using the MER and atmospheric conditions as independent variables, and 203 

 Htop as the dependent variable. The only model that outperforms the empirical relationship 204 

between  Htop and  MER (Equation 1, R2 = 0.67) is another empirical power law between Htop,  205 

MER, 𝑁 and 𝑊 (R2 = 0.75). However, the obtained exponent for 𝑁 is 1.1, meaning that higher 206 

column heights are obtained for stronger stratification values, which is an unphysical result 207 

(Morton et al., 1956). The analytical scaling models have R2 values between 0.32 and 0.52, much 208 

smaller than the empirical power law. This finding cannot be explained by the fact that we use 209 

the same dataset to calibrate Equation 1 and calculate corresponding R2 because the Mastin et al. 210 

(2009) relationship also has a higher R2 (0.62) than analytical scalings despite being calibrated 211 

against a much smaller dataset (Aubry et al., 2021). 212 

The poor performance of analytical scaling relationships could be explained by poorly 213 

constrained parameter values in IVESPA, or the fact that specific eruptions dominate the 214 



manuscript submitted to Geophysical Research Letters 

 

database. To explore these possibilities, in Table 1, we give different weight to events in the 215 

database according to their characteristics (Supporting Information S4): 216 

● In column 4 (“Eruption”), we give the same weight to each eruption in IVESPA (e.g., the 217 

18 events from the 1989-1990 Mt Redoubt eruption have the same weight as the two 218 

events from the 1991 Mt. Pinatubo eruption). 219 

● In column 5 (“Uncertainty”), weights are inversely proportional to the uncertainty on the 220 

observed and predicted  Htop values for each event, the former being linked to MER 221 

uncertainty. 222 

● In column 6 (“Interpretation flag”), less weight is given to events that required significant 223 

interpretation of the literature to attribute  Htop and MER values. 224 

● In column 7 (“All”), the events are weighted according to the product of weights in 225 

columns 4-6 to account for all three factors above. 226 

We find that these weighting procedures do not change the main results: i) the empirical power 227 

law fit between Htop and MER still outperforms the analytical scaling models in terms of R2; and 228 

ii) the best-performing model is still the empirical power law that includes 𝑁 and 𝑊 terms, and 229 

gives a positive (unphysical) exponent for 𝑁. When weighting the eruptive events by parameter 230 

uncertainty, the performance of all scaling models improves, with greater improvement among 231 

the analytical models accounting for atmospheric conditions. For example, the difference in R2 232 

values between the power-law fit and the best analytical scaling (Degruyter et al., 2012) when 233 

applying all weighting procedures is 0.06, whereas it is 0.19 unweighted. For the power law fit, 234 

the MER exponent varies between 0.21 and 0.25 depending on the weighting procedures applied 235 

and is thus relatively robust. However, for more complex models, fit parameters are very 236 

sensitive to the weighting. For example, the calibrated value of entrainment coefficient ratio β/α 237 

in the Aubry et al. (2017) scaling model ranges between -0.43 (an unphysical value) and 4.4. 238 

Laboratory studies suggest that the ratio of β/α should be 0.6- 20 (see Aubry and Jellinek, 2018, 239 

and references therein). We note that the Hewett et al. (1971) scaling model consistently has the 240 

smallest R2 values, and we always find unphysical parameter values for the Woodhouse et al. 241 
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(2013) scaling model, possibly due to their use of a simplified linear wind profile (see Figure 242 

S5).  243 

 

Reference 

 

Expression for 

𝐇𝐭𝐨𝐩 

Weighting procedure 

Unweighted Eruption Uncertain

ty 

Interpreta

tion flag 

All 

Empirical 

power law 

with 

coefficient

s from 

Mastin et 

al. (2009) 

0.304 MER0.241 R2=0.62 R2=0.67 R2=0.68 R2=0.65 R2=0.79 

Empirical 

power law 

with 

coefficient

s 

calibrated 

herein 

a MERb R2=0.67, 

a=0.34, 

b=0.23 

R2=0.7, 

a=0.46, 

b=0.21 

R2=0.74, 

a=0.23, 

b=0.25 

R2=0.69, 

a=0.32, 

b=0.23 

R2=0.81, 

a=0.25, 

b=0.25 

Empirical 

power law 

accounting 

for wind 

and 

a MERb𝑁c𝑊d R2=0.75, a=89, 

b=0.17, c=1.1, 

d=-0.049 

R2=0.79, 

a=1.2e+02, 

b=0.16, 

c=1.1, d=-

0.0048 

R2=0.75, 

a=2.4, 

b=0.24, 

c=0.48, d=-

0.013 

R2=0.74, 

a=49, b=0.18, 

c=0.94, d=-

0.07 

R2=0.81, 

a=2.1, b=0.23, 

c=0.46, 

d=0.016 
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Table 1. Adjusted R2 and calibrated parameter values for tested scaling models, for various 244 

weights applied to each IVESPA event (see sections 3.2 and S4). * indicate analytical models. 245 

Physical parameters V∗, Ws, W∗and β/α and functional expressions fD12, fW13 and fA17 are 246 

provided in Supporting Information S3. Orange shading highlights models with calibrated 247 

stratificati

on 

Morton et 

al. (1956)* 

a MER0.25𝑁-0.75 R2=0.49, 

a=0.0091 

R2=0.51, 

a=0.0095 

R2=0.68, 

a=0.0087 

R2=0.53, 

a=0.0094 

R2=0.75, 

a=0.0096 

Hewett et 

al. (1971)* 

a MER0.33𝑁-

0.66𝑊-0.33 

R2=0.32, 

a=0.0072 

R2=0.29, 

a=0.0069 

R2=0.58, 

a=0.0084 

R2=0.42, 

a=0.0077 

R2=0.63, 

a=0.0088 

Degruyter 

et al. 

(2012)* 

a MER0.25𝑁-

0.75fD12(V∗,b) 

R2=0.48, 

a=0.0092, 

b=0.052 

R2=0.5, 

a=0.0089, 

b=-0.2 

R2=0.68, 

a=0.0091, 

b=0.11 

R2=0.54, 

a=0.01, 

b=0.27 

R2=0.75, 

a=0.01, b=0.13 

Woodhous

e et. al 

(2013)* 

a MER0.25𝑁-

0.75fW13(Ws,β/α) 

R2=0.52, 

a=0.011, β/α=-

6.8 

R2=0.53, 

a=0.011, 

β/α=-5.7 

R2=0.69, 

a=0.01, 

β/α=-5.5 

R2=0.58, 

a=0.011, 

β/α=-7.1 

R2=0.75, 

a=0.011, β/α=-

3.7 

Aubry et 

al. (2017)* 

a MER0.25𝑁-

0.75fA17(W∗,β/α) 

R2=0.51, 

a=0.0099, 

β/α=2.5 

R2=0.51, 

a=0.0093, 

β/α=-0.43 

R2=0.69, 

a=0.0099, 

β/α=3.5 

R2=0.58, 

a=0.011, 

β/α=4.4 

R2=0.74, 

a=0.0098, 

β/α=0.48 
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parameter values deemed non-physical. For all other models, bold text highlights the one that has 248 

the highest R2 value. 249 

4. Discussion 250 

4.1 Influence of atmospheric conditions 251 

Using 25 eruptive events, Mastin (2014) demonstrated that a 1D plume model accounting for 252 

atmospheric conditions was not as good as an empirical power-law in predicting MER from 253 

column height. Despite having improved data compilation methodologies and over 5 times more 254 

events in IVESPA (Aubry et al., 2021), we reach similar conclusions as the simple MER-Htop 255 

empirical power law outperforms analytical scaling models accounting for atmospheric 256 

conditions (Table 1). To understand this result, we define the standardized Htop as the ratio of 257 

the observed Htop to that predicted by Equation 1 (i.e. Htop/[0.0345MER0.226]). This variable 258 

expresses how high Htop is relative to the value expected from the MER alone. Figure 2a 259 

suggests that the standardized Htop does not depend on the Brunt Väisälä frequency N in 260 

IVESPA, whereas some of the results in Table 1 even suggest that Htop increases with N 261 

(empirical power-law with N and W terms). These results contradict theoretical and experimental 262 

evidence that Htop should decrease in a more strongly stratified atmosphere (e.g. Morton et al., 263 

1956; Woods, 1988), and explain the poor performance of analytical scaling models in which 264 

Htop is proportional to N
−0.75

 (Table 1). One potential explanation is that N generally increases 265 

with altitude (Figure S5a) and in turn with Htop and MER. If N is normalised for each event by 266 

the value obtained from the average atmospheric profile across IVESPA (which removes the 267 

dependence of N on vent and column altitude), it becomes negatively although insignificantly 268 

correlated with the standardized Htop (Figure S6.a). 269 

Figure 2b shows that the standardized top height decreases with stronger horizontal wind 270 

speed W, as expected from laboratory experiments (e.g., Hewett et al., 1971; Carazzo et al., 271 

2014) and a few well-observed eruptions (e.g., Poulidis et al., 2019). The two variables are not 272 

significantly correlated despite the large range of W values in IVESPA (3–41 m s-1). We also do 273 
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not detect any influence of relative humidity (Figure 3c), despite model predictions that the 274 

atmospheric water vapour entrained into a volcanic plume and the associated latent heat and 275 

buoyancy flux should boost Htop by over 5 km for small-moderate eruptions in a wet tropical 276 

atmosphere (e.g., Woods, 1993; Glaze et al., 1997; Herzog et al., 1998; Tupper et al., 2009). 277 

Although several studies have noted that tropical volcanic plumes commonly reach the 278 

tropopause (e.g., Tupper and Wunderman, 2009; Carboni et al., 2016), without any constraint on 279 

MER as in this study, the role of humidity can only be speculated. Removing the influence of 280 

altitude on W and relative humidity (Figure S5) only marginally increases their apparent 281 

influence on the standardized top height (Figure S6).  282 

Last, we tested the influence of volcanic plume morphology (i.e., weak, bent-over and spreading 283 

downwind only, versus strong, spreading both upwind and downwind). This parameter is 284 

explicitly constrained for 44 events in IVESPA, so we complement it by calculating  285 

Π = (
𝛼

𝛽
)

2 Htop 𝑁 

1.8 𝑊
    (Equation 3)  286 

for each event. Π is a non-dimensional parameter defined by the ratio of the wind entrainment 287 

and plume rise timescales (Degruyter and Bonadonna, 2012) and has been shown to relate to the 288 

plume morphology for a handful of eruptions (e.g., Bonadonna et al., 2015b). We use α=0.1 and 289 

β=0.55 (Aubry and Jellinek, 2018) in Equation 3. Π values in IVESPA range from 0.02 to 1.1 290 

with weak plumes associated with lower values. Both types of plumes are found for 0.03 < Π < 291 

0.35 (Figures 2d and S3), suggesting a transition from weak to strong plumes at a critical value 292 

of Π ≈ 0.1, in agreement with the values used operationally at Mount Etna (Scollo et al., 2019). 293 

Despite the absence of any clear relationship between the standardized Htop and Π in Fig. 2d, the 294 
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variables are significantly correlated, which hints to a small but discernible influence of the 295 

plume morphology on the Htop - MER relationship.      296 

 297 

Figure 2. Standardized Htop (i.e. ratio of observed Htop and that predicted by Equation 1 based 298 

on MER value) plotted as a function of 𝑁 (a), 𝑊 (b), average relative humidity (c), and Π (d). 299 

Linear trends are highlighted by the dotted dashed lines with correlation coefficient r annotated 300 



manuscript submitted to Geophysical Research Letters 

 

on each panel (bold if significant at the 95% confidence level). GRI= Grímsvötn, 301 

MIY=Miyakejima, RED=Redoubt; see Figure 1 for other acronyms. 302 

4.2 Influence of location and column height measurement technique  303 

Figure 3a shows the distribution of standardized Htop for 10 geographical regions. Across these 304 

regions, the median standardized Htop varies between 0.72 and 1.24, i.e. the median Htop differs 305 

from the median value predicted using Equation 1 by -28% (Redoubt) to +24% (Central 306 

America). The distributions of standardized Htop for these two regions significantly differ 307 

compared to all other regions. Differences across the 10 considered regions might reflect a range 308 

of factors including atmospheric conditions or the prevalence of certain magma or edifice types. 309 

Non-physical factors might also be at play, e.g. the prevalence of island volcanoes which would 310 

affect tephra fallout mass and MER estimates due to limited deposition on land. Even when 311 

subdivided into 10 geographical areas, most still contain 10-24 events. We can thus calibrate 312 

region or volcano-specific  Htop - MER relationships and show select examples in Figure 3.c.  313 

Figure 3.b shows the distribution of standardized Htop for 8 different combinations of 314 

measurement technique used to measure  Htop. Standardized Htop issued from satellite-only 315 

measurements or a combination of satellite and ground-based instrumental measurements (e.g., 316 

radar) are higher than for other measurement techniques (p-value<0.1), consistent with Tupper 317 

and Wunderman (2009). In contrast, when visual measurements (ground or aircraft) were used 318 

alone or in combination with satellite imagery, the standardized Htop tends to be lower (p-319 

value<0.15). Figure 3d shows that the unique Htop -MER relationships for these two categories 320 

(satellite versus ground based measurements) differ significantly at most MER values, although 321 

the predicted Htop differ at most by 2 km for MER<108 kg/s. The dependence of standardized  322 

Htop on other parameters was explored with examples for duration and median grain size shown 323 

in Figure S7. The 17 events with a duration smaller than 10 times the plume rise timescale tend 324 

to have smaller standardized  Htop (Figure S7.a) but giving these short-duration events less 325 

weights does not change Table 1 results. 326 
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Last, for each sub-category shown in Figure 3a and 3b, we annotate the correlation coefficient 327 

between the logarithm of the standardized Htop and that of the wind speed  W. This correlation is 328 

only significant for the subgroup of satellite and ground-based Htop measurement (r = -0.87). 329 

Negative correlations are expected, but we find a positive correlation for some event groups, e.g., 330 

for Icelandic eruptions (r = 0.34, Figure 3.a). This finding further emphasises the difficulty of 331 

detecting atmospheric influence on the Htop-MER relationship in IVESPA v1.0. 332 

 333 

Figure 3. Distribution of the standardized Htop for specific volcanic regions (a) or  Htop 334 

measurement techniques (b). Box plots show the minimum, quartiles, and maximum values. 335 
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Three values are annotated for each subgroup: the number of events (n), the p-value resulting 336 

from a Mann-Whitney U-test testing the probability that values from the subgroup differ 337 

significantly from the values from all other subgroups (p), and the correlation coefficient 338 

between the logarithm of the standardized Htop and the logarithm of W (r, in bold if significant 339 

at the 95% level). Panels c-d are similar to Figure 1.a, but show Htop -MER power law fits 340 

calibrated for select subgroups of regions (c) or measurement techniques (d). CNG= Cerro 341 

Negro, SHM= Soufrière Hills Montserrat; see Figures 1-2 for other labels. 342 

4.3 Measuring eruptions for estimating MER-H relationships 343 

The challenging detection of atmospheric influences on the MER-column height relationship in 344 

IVESPA v1.0 may be due to the use of 0D scaling models, and future studies could investigate 345 

application of more sophisticated eruptive column models (e.g.. 1D, 3D) or data analysis 346 

techniques (e.g. machine learning) to IVESPA. However, our study hints at developments of 347 

IVESPA, and eruptive data more generally, that will help build a better understanding of the 348 

relationship between MER and column height. First, Figure 3.b shows that future versions of 349 

IVESPA should separate column heights according to measurement type instead of providing 350 

one height value and a list of measurements type used to derive it. Second, Figure 3.a and other 351 

studies suggest that compiling information such as magma composition or type (e.g. Trancoso et 352 

al., 2022) and conduit information (e.g. Gouhier et al., 2019) would help constrain other factors 353 

modulating the relationship between height and MER. In terms of atmospheric conditions, one 354 

open question is how well large-scale reanalysis datasets resolve meterological variability at the 355 

scale of volcanic edifices. Last, a challenging question is whether the use of time-averaged 356 

eruption source parameters enable detection of atmospheric influence on plume dynamics in a 357 

database with such a variety of eruptions. Advances in near real-time measurements of MER 358 

(Caudron et al., 2015; Freret-Lorgeril et al., 2018, 2021; Bear-Crozier et al., 2020; Mereu et al. 359 

2022) might unlock the potential to provide time series of parameters for both height and MER 360 
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for many events. Such collection of time series would provide a step change in assessing MER – 361 

column height relationships. 362 

5 Conclusions 363 

We used the new Independent Volcanic Eruption Source Parameter Archive (IVESPA, Aubry et 364 

al., 2021) to explore the empirical power law relationship linking eruptive column height to 365 

MER. A key improvement over previous work is that our new relationships are specific to the 366 

type of column height considered, i.e. the height of the SO2 cloud (HSO2), the spreading height of 367 

the tephra cloud (Hspr), and the top height of the ash cloud directly measured (Htop) or derived 368 

from the deposit (Hiso,top) with significant differences among these four metrics (Figure 1 and 369 

S3). We recommend that users such as VAACs or VOs apply the relationship most adapted to 370 

their available height measurement type, and we provide extensive details on each calibrated 371 

relationship and their uncertainties in Table S3. The newly calibrated power law relationship 372 

between  Htop and MER (Equation 1) still results in discrepancies of 50% for predicted Htop, and 373 

a factor of ~6 for predicted MER (Figures 1 and S4). Despite such large discrepancies, this 374 

empirical power law outperforms analytical scaling models accounting for atmospheric 375 

conditions (Table 1). This is an interesting result given the extensive body of literature 376 

describing the influence of wind, humidity, and atmospheric stratification on eruption column 377 

behaviour. Our inability to detect a statistically significant influence of these atmospheric 378 

properties on column heights in the improved database suggests several possibilities. First, 379 

further improvements to IVESPA might be needed such as better consistency and distinctions in 380 

methods used to estimate Htop (e.g. satellite, radar, visual) and MER (e.g. empirical model used 381 

to fit thinning trends). Second, analysis of the Htop-MER relationship using more sophisticated 382 

models than scaling relationships, such as 1D and 3D plume models, may be required. And third, 383 

we may simply be identifying an inherent limitation in the accuracy with which we capture time-384 

averaged plume heights or erupted mass by deposit mapping. In other words, defining a 385 

relationship based on widely varying magmatic conditions, eruption styles, atmospheric 386 
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conditions, and measurement techniques helps reveal first-order controls on column height, but 387 

obscures the nuances of eruption behaviour that are apparent on a case-by-case basis.  388 
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(four types of height, and either power law fit with MER as independent variable or log-linear fit 

with  Htop  as independent variable). 

Introduction  

This supporting information file provides details on all data derived from but not explicitly 

included in the IVESPA archive (S1) as well as isopleth-based height (S2). It also provides 

information on the analytical relationships considered in Table 1 (S3) and the fitness metrics used 

to compare them (S4). Figure S1-S8 mostly provide sensitivity tests on the calibration of the 

 Htop  - MER empirical fits, or on the dependence of the  Htop  residuals on atmospheric and 

eruption source parameters. This file also provides caption of additional supporting information 

tables (all in .xlsx format) which contain all the data used in our study (Table S1-S2) as well as 

information and data on all empirical fits presented in Figure 1 (Table S3). 

S1. Additional parameters not explicitly provided in IVESPA 

 

Mass eruption rate uncertainty 

 

We define the MER  as the mass of tephra fallout divided by eruption duration. For the 

former parameter, we only used estimates derived from mapping of the tephra fallout deposits 

and empirical fitting of the thinning trends. In IVESPA, unlike other parameters like height and 

duration, we allowed for different values of lower and upper bound uncertainty for the mass of 

tephra fallout because this parameter commonly shows strongly asymmetric probability 

distributions for its true value (Bonadonna et al., 2015c). Accordingly, in this study, we also 

provide a lower and upper bound uncertainty for  MER  which are calculated as: 

 

(
∆MERl,u

 MER
)

2

= (
∆Ml,u

M
)

2

+ (
∆D

D
)

2

       (S. 1) 

 

Where Δ refers to the uncertainty, l and u subscript to the lower or upper bound uncertainty, 

and M and D are the mass of tephra fallout and duration, respectively. 

 

Furthermore, we did not systematically assign an uncertainty to the mass of tephra fallout because 

uncertainty information on TEM in the published record is commonly not provided and hard to 

infer from contextual information. Accordingly, we do not attribute a MER  uncertainty for events 

that do not have a tephra fallout mass uncertainty. 

 

Atmospheric parameters 

 

IVESPA contains time-averaged atmospheric profiles from two different atmospheric 

reanalysis families (i.e. produced either by the European Centre for Medium-Range Weather 

Forecasts or by the National Oceanic and Atmospheric Administration) for all events (see Aubry 

et al., 2021). The main IVESPA spreadsheet also contains derived atmospheric parameters, 

namely the vertically-averaged (between vent and top height) values of Brunt-Väisälä frequency 

and horizontal wind speed. For this study, we additionally calculate the following derived 

atmospheric parameters: 
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• Vertically averaged relative humidity: For each event, we interpolate relative humidity at 

1000 regularly spaced altitudes using a piecewise cubic Hermite interpolating polynomial 

function, after removing non-attributed values for high altitudes for the NOAA reanalyses. 

We exclude all values at altitudes smaller than the vent height or higher than Htop (or  Hspr  

if Htop   is not constrained, or HSO2 if neither Htop  nor Hspr are constrained), and calculate 

the average of remaining values. 

• Vertically averaged wind shear ( 
dW

dz
): We first interpolate horizontal wind speed values in the 

same way as relative humidity. We then calculate the absolute value of the vertical derivative 

of horizontal wind speed at each height, and calculate the vertically averaged value in the 

same way as relative humidity. The absolute value of the wind speed derivative with height is 

used because the magnitude of wind shear controls atmospheric stability and turbulence, and 

in turn potential impacts on entrainment in the volcanic column. 

• Vent-level atmospheric properties: Vent-level atmospheric pressure, temperature and relative 

humidity are required to calculate the plume buoyancy flux (S5). We simply obtain these by 

interpolating corresponding atmospheric profiles at vent altitude for each event, using a 

piecewise cubic Hermite interpolating polynomial function. For atmospheric pressure, we 

interpolate the logarithm of pressure because pressure varies exponentially with altitude. 

 

All these additional parameters are provided in Table S1. As for all other atmospheric 

parameters, we use the mean of the values obtained from the two reanalyses as the best estimate, 

and half of their difference as the uncertainty at 95% confidence level. 

 

S2. Isopleth-based heights 

Information on all isopleth-based height Hisocollected are provided in Table S2. The 

comment column summarizes information found in the literature and justifies any choice made in 

attributing a value to parameters in this table. The IVESPA ID columns shows the identifier of 

the IVESPA event to which a value of Hiso was attributed. When Hisovalues of distinct units 

belonging to a single IVESPA event exist, we averaged these values. When a single Hiso value 

encompasses eruption phases that are distinct events in IVESPA, we attributed that same value to 

all corresponding IVESPA events. 

 

Information on all found Hiso,top estimates are reported in comment column of Table S2, 

but only estimates made using the Carey and Sparks (1986) method were used to constrain values 

of Hiso,top used in our study. This ensures consistency in the isopleth-based height estimates used 

as more recent methods account more comprehensively for factors influencing the relationship 

between clast size measurement (used to build isopleth contour) and volcanic column height. For 

example, in comparison to Carey and Sparks (1986), Rossi et al. (2019) use exact (volcano-

specific) atmospheric conditions, account for the effect of wind on plume dynamics, and improve 

parameterization of particle sedimentation among other advancements. 

 

Isopleth-based height are measured relative to the altitude where the clasts were sampled, 

which can sometimes span a large range. Consequently, to obtain heights above sea (a.s.l.) and 

vent (a.v.l.) levels, the average height at which the clasts were sampled is required and reported in 

Table S2. Information on the average altitude at which clast were sampled is often not reported 

explicitly in the literature. In such cases, we made a rough estimate of this altitude by combining 

maps showing sample location, which are more often included in the literature, with topographic 

maps either included in the source reporting isopleth-based height or from the internet. In a few 

cases, authors do not report the sampling altitude but provide Hiso,top relative to vent level. In 
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such cases and for convenience, we report a sampling altitude equal to the vent altitude and a 

plume height above sampling level equal to that above vent level found in the literature. These 

cases are clearly flagged in the comment column of table 2. 

 

Hiso,top uncertainties reported either correspond to uncertainties reported in the literature or 

assessed from the difference between estimates found in distinct sources (in all cases, using only 

information related to Hiso,top estimates using the method of Carey and Sparks, 1986). In many 

cases, we could not provide any uncertainty estimates. In comparison to heights reported in 

IVESPA, Hiso,top estimates were often constrained from a single reference, and no more than 2-3. 

They also did not undergo the same quality-control procedure as key eruption source parameters 

in IVESPA (i.e., two members of the IVESPA working group independently making estimates 

based on their own literature search before comparing their values and reaching a consensus). We 

thus expect that both the Hiso,top best estimate and uncertainty are less reliable than other 

parameters reported in IVESPA. 

 

S3. Scalings relating height and mass eruption rate 

In table 1, we calibrate and compare the performance of eight different scalings relating 

Htop   to the MER. For four of them, the expressions are fully detailed in Table 1. Here we detail 

the expressions of the other three (Degruyter and Bonadonna, 2012; Woodhouse et al., 2013; 

Aubry et al., 2017), which all take the form 

 

Htop  = a ×  MER
0.25

×  N
−0.75

× f    (S.2) 

 

Where f is a function of atmospheric parameters, entrainment parameters and eruption 

source parameters, and a is a fit parameter. 

 

We use a fit parameter a in equation S.2 instead of the published theoretical pre-factor 

values for these scalings because they are originally formulated using the plume buoyancy flux 

instead of MER (with these two parameters being proportional), because the prefactors might 

depend on poorly constrained entrainment coefficient values, and because the scalings were 

derived under idealized assumptions (e.g. point source, Boussinesq flow) not met for volcanic 

plumes. Consequently, it is unrealistic to expect theoretical prefactors to be realistic for our study. 

 

In its original form, the Degruyter and Bonadonna (2012) scaling expresses MER as a 4th 

degree polynomial function of Htop. There is no analytical solution for expressing Htop as a 

function of  MER instead, but Aubry et al. (2017) shows that the numerical solution is well 

approximated (R2>0.99) by Equation S.2 with: 

 

 

f = fDB12 =  
1+0.17

β2

α3/2 V∗+0.00061(
β2

α3/2 V∗)
2

1+0.48
β2

α3/2 V∗+0.0072(
β2

α3/2 V∗)
2   (S.3) , 

 

where β is the wind entrainment coefficient, α is the radial entrainment coefficient, and 

V∗ =
W

(FN)1/4 with F the plume buoyancy flux, W the vertically averaged wind speed, and N the 

vertically averaged Brunt Vaisala frequency. Because we only have constraints on MER for most 
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events in IVESPA, we calculate V∗ as 
W

(MER N)1/4 and  fDB12  as 
1+0.17b V∗+0.00061(b V∗)2

1+0.48b V∗+0.0072(b V∗)2  where b is 

a parameter, proportional to 
β2

α3/2 and to the ratio of the buoyancy flux to the mass eruption rate. 

We calibrate b as part of the fitting procedure and deem any negative value unphysical. 

 

The Woodhouse et al. (2013) scaling follows Equation S.2 with: 

 

 

f = fW13 =  
1+(0.87+0.5 

β

α
) Ws

1+(1.09+0.32 
β

α
) Ws+(0.06+0.03 

β

α
) Ws

2
  (S.4) , 

 

 

where Ws =
1

N
 
dW

dz
 . With estimates of α and β ranging between 0.05-0.17 and 0.1-1 

respectively (see Aubry et al., 2017, 2018 and references therein), the ratio 
β

α
 is expected to be 

between 0.59 and 20, and we deem any calibrated value outside 0.3-40 unphysical in Table 1. 

 

 

Last, the Aubry et al. (2017) scaling follows Equation S.2 with 

 

f = fA17 =  
1

√1+ 
β

α
W∗

  (S.5) , 

 

 

where W∗ =
W

U0
 with U0 the column exit velocity at vent level. As for the Woodhouse et al. 

(2013) scaling, we deem any calibrated value of  
β

α
 outside 0.3-40 unphysical in Table 1. U0 is 

constrained for only 10 events (out of 134) in IVESPA, but the exit water vapor fraction (n0) and 

temperature (T0) are known for 73 and 38 events respectively (Aubry et al., 2021). We thus use 

the model of Woods and Bower (1995) to calculate the exit velocity as U0 = 1.85√Rn0T0 with R 

the specific gas constant (461.5 J/kg/K). For events with no constraint on n0 or T0, we use values 

of these parameters equal to the average for events for which they are constrained (i.e. 2.7 wt.% 

for n0 and 1250 K for T0). 

 

S4. Scaling calibration, fitness metric and weights 

We calibrate all scalings in Table 1 using Matlab non-linear regression model fit function fitnlm 

(https://uk.mathworks.com/help/stats/fitnlm.html) minimizing the coefficient of determination 

𝐑𝟐 = 𝟏 −
𝐒𝐒𝐄

𝐒𝐒𝐓
 with SSE being the sum of squares error and SST the sum of squared total 

https://uk.mathworks.com/help/stats/fitnlm.html


 

 

6 

 

(adjusted R2 values, accounting for the number of independent variables in the models, are 

presented in Table 1). Furthermore, we use weights in SSE and SST calculations e.g.: 

𝐒𝐒𝐄 = ∑ 𝐰𝐢 (𝐲𝐢
𝐩𝐫𝐞𝐝

−  𝐲𝐢
𝐨𝐛𝐬)

𝟐

𝐢

      (S.6). 

Where i denotes an IVESPA event, w the value of the weight, ypred the model-predicted value of 

the dependent variable y and yobs its observed value (in the case of Table 1, y is 𝐇𝐭𝐨𝐩  ).Weights w 

are always normalized so that ∑ 𝐰𝐢
𝐢

= 𝟏, and for simplicity we omit this normalization in the 

following weight definitions (Equations S.7-S.10). 

In column 3 of Table 1 (labeled “none”), there is no weight applied in R2 calculation i.e.  

𝐰𝐢 = 𝟏     (𝐒. 𝟕). 

In column 4 of Table 1 (labeled “eruption”), we give the same weight to each eruption in 

IVESPA i.e. 

𝐰𝐢 =
𝟏

𝐧𝐢
     (𝐒. 𝟖), 

where ni is the number of IVESPA events belonging to the same eruption as event i. This 

prevents eruptions with many events from having disproportionate weights and biasing model 

calibration and comparison. For example, the Redoubt 1989-1990 eruption has 18 events, 

representing 14% of the IVESPA events with a top column height estimate. 

In column 5 of Table 1 (labeled “uncertainty”), weights are inversely proportional to uncertainties 

on the difference between the observed and model-predicted height i.e. 

𝟏

𝐰𝐢
= (∆𝐇𝐭𝐨𝐩)

𝟐
+ (𝟎. 𝟐𝟐𝟔 ×  

∆𝐌𝐄𝐑

𝐌𝐄𝐑
× (𝟎. 𝟑𝟒𝟒𝟖 × 𝐌𝐄𝐑

𝟎.𝟐𝟐𝟔
))

𝟐

          (𝐒. 𝟗), 

Where ∆𝐇𝐭𝐨𝐩  is the uncertainty on the observed top height and the second term is our chosen 

expression for the squared uncertainty on the scaling-predicted top height. This definition enables 

less weight to be given to events with higher uncertainty on the observed height and that 

predicted by scalings from the 𝐌𝐄𝐑. The second term in equation S.9 should be specific to each 

scaling, e.g. the predicted top height uncertainty will depend on wind uncertainty for the 

Degruyter and Bonadonna (2012) scaling (Equation S.3), and it should also depend on the final 

expression of the model calibrated after fitting procedure. However, as we are comparing the 

different scaling models, the same set of weights should be applied to them all in calculating R2 

values, and prior knowledge of the weights are also needed for model calibration. As a 

simplification, the second term in Equation S.9 is thus the squared uncertainty on the empirical 

power-law fit obtained for top height with no weighting (i.e. 𝐇𝐭𝐨𝐩  = 𝟎. 𝟑𝟒𝟒𝟖 × 𝐌𝐄𝐑
𝟎.𝟐𝟐𝟔

) using 

standard error propagation rules. Simplifying assumptions also had to be made to calculate the 

error on the 𝐌𝐄𝐑, ∆𝐌𝐄𝐑, 𝐮𝐬𝐢𝐧𝐠 𝐄𝐪𝐮𝐚𝐭𝐢𝐨𝐧 𝐒. 𝟏. Given the different upper and lower bound error 

on the mass of tephra fallout, we calculate ∆𝐌/𝐌 as the mean of relative errors calculated using 
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the lower and upper bounds. For events with no attributed lower and/or upper bound uncertainty 

on M, we assume a difference by a factor of 3 between the best estimate and the lower and/or 

upper bound estimate. 

In column 6 of Table 1 (labeled “Flag”), weights are inversely proportional to the sum of the 

interpretation flags on the best estimates of 𝐇𝐭𝐨𝐩 (𝐈𝐇) and 𝐌𝐄𝐑 (chosen as the maximum of the 

interpretation flag on the best estimate of M and D, 𝐈𝐌 and 𝐈𝐃) i.e. 

𝟏

𝐰𝐢
= 𝟏 + 𝐈𝐇 + 𝐦𝐚𝐱(𝐈𝐌, 𝐈𝐃)    (𝐒. 𝟏𝟎). 

Weight values in Equation S.10 can thus vary between 0.2 and 1 given interpretation flags take 

values between 0 (no interpretation) and 2 (significant interpretation). This definition enables less 

weight to be given to IVESPA events that required significant interpretation to define eruption 

source parameter values. 

In column 7 of Table 1 (labeled “all”), the weights applied are the products of the weights for 

columns 4-6 (Equations S.8-10), enabling simultaneous application of lower weight to events that 

belong to the same eruptions, events that have large uncertainty and events that required 

significant literature interpretation during data collection. 

 

 

Figure S1. 𝐇𝐭𝐨𝐩 as a function of 𝐌𝐄𝐑 and corresponding power law fit for all IVESPA events 

with 𝐌𝐄𝐑 as an independent variable. In panel b, the 𝐌𝐄𝐑 is the same as throughout the 

manuscript i.e. it is calculated using the tephra fallout deposit mass. In panel a, the 𝐌𝐄𝐑 is 

calculated using the total tephra deposit mass, i.e. the sum of fallout and pyroclastic density 

current deposits.    
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Figure S2. 𝐇𝐭𝐨𝐩  as a function of 𝐌𝐄𝐑 and corresponding power law fits with 𝐌𝐄𝐑 as an 

independent variable. The black dotted line shows the fit for all events from Figure 1.a. Coloured 

lines show the fit for specific subgroup of events determined: according to the 𝐌𝐄𝐑 value (a), or 

excluding events from specific volcanoes or from select high- 𝐌𝐄𝐑 eruptions with high 

uncertainties on 𝐇𝐭𝐨𝐩  and/or 𝐌𝐄𝐑  (b). 

 

 

Figure S3. Ratios  𝐇𝐬𝐩𝐫/𝐇𝐭𝐨𝐩 (a), 𝐇𝐒𝐎𝟐/𝐇𝐭𝐨𝐩  (b), and 𝐇𝐢𝐬𝐨,𝐭𝐨𝐩/𝐇𝐭𝐨𝐩  (c) as a function of the Π 

parameter. The thick horizontal line show the mean ratio value and the dotted line shows the y=1 
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line. Blue circles, purple squares and yellow triangles correspond to weak, strong and unknown 

plume morphology. 

 

Figure S4. Predicted vs observed Htop (a),  MER (b), duration (c) and total erupted mass (TEM) 

(d) when using our new power law fit (dark blue circles), log-linear fit (light blue triangles) or 

Mastin et al. (2009) power law fit (red squares) to link  MER and Htop. Dotted lines show the 1:1 

line. Panel a uses the  MER as the independent variable, whereas panels b-d use  Htop as the 

independent variable. In panel c, the observed tephra fallout mass is divided by the Htop-derived  

MER to predict duration. In panel d, the Htop-derived  MER is multiplied by the observed 

duration to predict tephra fallout mass. 
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Figure S5. Profiles of Brunt Väisälä frequency (a), horizontal wind speed (b), wind shear (c) and 

relative humidity (d) for all IVESPA events for both families of atmospheric reanalyses. The 

thick red line shows the average across all events, smoothed over 2 km, which we refer to as the 

reference profile. The continuous black line shows the vertically averaged value of the reference 

profile between 2.3 km (the mean vent altitude in IVESPA) and the altitude shown on the y-axis.  
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Figure S6. Same as Figure 2, but showing standardized Htop as a function of detrended 

atmospheric parameters instead of raw atmospheric parameters. We define detrended atmospheric 

parameters as the ratio of the vertically averaged value for the considered event to the vertically 

averaged value for all events, i.e. the vertically averaged value of the reference profile (Figure S5; 

all vertical averages are between the vent altitude and Htop specific to the event). Detrended 

atmospheric conditions thus reflect how vertically averaged conditions deviate from the expected 

average value for the event vent altitude and Htop, i.e. they should only reflect variations in 

atmospheric conditions related to the volcano location, eruptive event season, and meteorological 

variability. 
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Figure S7. Same as Figure 2, but showing standardized Htop as a function of the logarithm of the 

ratio event duration/plume rise timescale (a) and the median grain size from the total grain-size 

distribution (TGSD) in Φ units (b). The plume rise timescale is defined as 1/N following buoyant 

plume rise theory (Morton et al., 1956). Given the grain size diameter d, the grain size in Φ unit is 

defined as -log2(d). 


