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Task 6.1 – Volcanic Hazard Assessment at Campi Flegrei 



Research objective 

The study is aimed at 
further developing the 
results of Bevilacqua et al. 
[2015] and Neri et al. 
[2015], by including 
temporal scales into the 
spatial hazard assessments 
produced.  

To produce a long-term probabilistic temporal model for vent opening at Campi 
Flegrei based on available information concerning past activity, quantifying its uncertainty 
and developing a probability function to represent the main features of its eruptive record.  

Fig 1. Mean probability map of PDC 
invasion hazard, modified from 
Neri et al. [2015]. Contours and 
colours indicate the percentage 
probability of PDC invasion 
conditional on the occurrence of an 
explosive eruption with vent located 
onland.  

PDC size based on 15 ka BP 
Conditional hazard map 



• There were 3 eruptive 
epochs of volcanic 
activity, alternated to long 
periods of quiescence. 
                Start          Duration 
Epoch I   [15 ka BP   ~4.5 ka] 
Epoch II  [9.6 ka BP  ~0.5 ka]  
Epoch III [5.5 ka BP     ~2 ka] 

• Campi Flegrei caldera was created by two ancient large eruptions: the Campanian Ignimbrite (CI - 40 
ka BP) and the Neapolitan Yellow Tuff (NYT - 15 ka BP). 

Fig 2. Caldera partitioning in 16 zones. The colours of the ellipses, representing the uncertainty areas 
of vent location, correspond to the epoch of activity. The yellow dashed line separates eastern and 
western sectors. The first 13 zones have the same extent. See Bevilacqua et al. [2015].  

• The most recent 'Monte 
Nuovo' eruption was in 
AD 1538, after ~3-3.5 ka 
of quiescience. 

• In the last 15 ka the eruption vents were sparse in the caldera and most of the eruptions were explosive. 

Simplified eruption history of Campi flegrei caldera 

We partitioned the caldera 
in 16 zones                 
with different features 
and history of activity. 



Adopting a doubly stochastic approach, the ill-constrained parameters of the probability 
models were themselves represented as additional random variables. 

Uncertainty quantification assumed a great importance, and we distinguished:  
I. the physical variability, i.e. the intrinsic randomness of the system under study,  
II. the epistemic uncertainty due to the imperfect knowledge of the system. 

The volcano was assumed as a random system that had to be assessed with incomplete and 
uncertain information. 

As a consequence of this approach, all the probability estimates have their own confidence 
intervals.  

Approach 

Example: define X as the random result of an unknown dice, 
which could have 6 or 20 faces with equal chances.  
Following a doubly stochastic approach, we will say that the 
probability P of the event {X>3} is 67.5% in mean, with an 
uncertainty range from 50% to 85%.  



2) A probability model for the representation and replication of the main eruptive activity 
features in time-space, such as the vent clustering, and incorporating the effects of the sources 
of epistemic uncertainty considered. 

In particular, the study included two phases: 
1) A probability model for epistemic uncertainty on past record, concerning the uncertainty 
estimation on the sequence of times, the location and the erupted volume of past events. 

The two models are linked through a nested Monte Carlo simulation by assuming to calculate 
the parameters of model (2) that maximize the likelihood of each sample of model (1). 

The approach followed relies on the mathematical modeling of the past record without 
assuming any physical model describing the deep-crustal processes. 

Methodology 



A) with datation only;
 B) with sequence order only;
 C) with both order and date;

Uncertainty affecting the estimated 
volumes is assumed equal to ±50%, 
consistently with recent literature (e.g. 
Klawonn et al. 2014). 

Events in (B) were sampled uniformly 
and independently inside intervals 
consistent with the sequence.  

Events in (A) and (C) were sampled with 
symmetrical triangular distributions 
with the assumed percentiles. 

Epistemic uncertainty on past record 
We based on the data available in Smith 
et al. 2011, including some updates. 
In the eruption record there are 3 
classes of events: 

Tab 1. Record of times, erupted volumes and locations (eastern or western 
sectors and partition zones) of the events at Campi Flegrei during Epoch III. 



Fig 3. Event number as a 
function of time during 
Epoch I (a), Epoch II (b), 
Epoch III (c) and then 
during the entire record 
considered (d) (including 
Monte Nuovo).  
 
Bold line is the mean 
value, narrow line is the 
50th percentile and dashed 
lines are 5th and 95th  
uncertainty percentiles. 
 
The labels correspond to 
the eruptions with both 
datation bounds and 
sequence place. 

Intensification of the 
activity rate is quite 
evident after about ten 
events from the 
beginning of  Epochs I 
and III. 



The cumulative 
volumes erupted by 
the western part of 
the caldera, are 
remarkably smaller 
than by the eastern. 
Activity in the 
western sector seems 
mainly associated to 
the initial phases of 
the eruptive epochs, 
compatible with 
considering the 
Monte Nuovo 
eruption as the  
first event of a new 
Epoch. 

Fig 4. Cumulative 
volume erupted as a 
function of time during 
Epoch I (a), Epoch II 
(b), Epoch III (c) and 
then during the entire 
record considered 
(including Monte 
Nuovo) (d).   



Hawkes processes assume that their intensity function increases with a jump whenever an event occurs 
and decreases as time passes without any event occurring. They naturally generate clusters  
(e.g. Bebbington and Cronin 2011). 

In general the intensity function λ of a counting process has the meaning of the average density of new 
events occurring with respect to time. Indeed the integral ∫λdt gives the average number of events in the 
selected time interval.  
 
The Cox processes assume their intensity function λ affected by uncertainty. They are doubly stochastic 
(e.g. Jaquet et al. 2000; Jaquet et al. 2008). 

Probability model for the for the representation of the eruptive pattern 
The stochastic process Z which has been chosen for representing the eruptive events as a function of 
time belongs to the class of Cox-Hawkes multivariate counting processes. 
Each component Zl counts the number of events occurred in zone Al of the caldera partition.   
Cox-Hawkes generalize the class of Poisson processes, which sample the waiting times between events 
as independent identically distributed exponential random variables.  

With multivariate Cox-Hawkes processes we assumed that each new eruption self-excites its zone, 
increasing the probability of additional eruptions in it. Including the effects of epistemic uncertainty in 
the model. 

The Cox-Hawkes processes are both doubly-stochastic and self-exciting.  



The parameters λl0(e), k(e) and h(e) are conditional on the epistemic assumptions, represented by e. 
We estimated them by a maximum likelihood procedure. 

φ is a positive decreasing function, representing self-excitement decay. It was assumed exponential and 
depending on two parameters. 

Indeed it is possible to calculate an expression 
for the likelihood of an eruption sequence in 
zone l, before time t. 

This was implemented in a nested Monte Carlo simulation and repeated for each sample of the 
uncertainty. 

For the Cox-Hawkes processes we have: 

The base rate represents the average density of new clusters (even of one point), while their additional 
intensity generates the offspring points. 

The Cox- Hawkes processes 

Random intensity  is the sum of a constant term λ0 (base rate) and of a time dependent random 
term that represents an additional intensity produced by each previous event. 



Tab 2. Base return 
time 1/λ0, duration 
of the self-
excitement T, and 
mean offspring of 
each event µ as 
computed by the 
probability 
temporal model. 
Mean values, 5th 
and 95th 
percentiles are 
reported for each 
parameter.  

Assuming the three epochs past record as independent samples and then maximizing the product of their likelihoods, are 
obtained global results consistent with the Epoch III activity except for a longer self-excitement (row 4th). 

Rows 1st – 3rd are obtained  from the maximum likelihood parameters on the three eruptive epochs. 

Considering only the events occurred in the first parts of the epochs before the climatic eruptions, gives slightly longer 
base return times and much longer durations of the self-excitement decay (row 5th). 
Considering the western record only, the base return time significantly increases and the self-excitement behavior was 
weakened (row 6th). This is not true for the eastern record (row 7th). 
Fitting the model on the whole eruptive record including even the periods of quiescence produce longer base return time 
and longer duration of the self-excitement decay (row 8th). However, this is in contrast with the existence of epochs. 
This assumption seems better fitting on the western record separated, in this case producing a very long base return time of 
~1 ka, more compatible with the length of the periods of quiescence (row 9th). 

Base return time, self-excitement duration, mean offspring 



Fig 5. Mean probability density functions for the 
remaining time before the next eruption, assuming 
maximum likelihood exponential distributions.  
Different colours correspond to alternative geological 
assumptions. 

The values reported refer to the 5th 
percentile, the mean value and the 95th 
percentile of the physical variability. 
The mean with respect epistemic 
uncertainty affecting eruptive record was 
assumed. 

Again the different volcanological assumptions can change the results. 

Probability forecasts of the next eruption time 
A probability density function for the remaining time before the next eruption has been calculated.  
We assumed a process Zmn starting without excitement except for the residual additional intensity from 
Monte Nuovo event. 



Fig 6. The bold lines indicate the mean probability density functions per year, and the dashed lines are composed of the 5th  and 95th 
epistemic uncertainty percentiles of the values of such functions.  
The values reported are the 5th percentile, the mean and the 95th percentile with respect to epistemic uncertainty (from above to below), of 
the 5th percentile, the mean value and the 95th percentile of the physical variability (from left to right). 

The mean and uncertainty percentiles of each probability density values can be reported, as a function of 
the considered epistemic uncertainty affecting the stratigraphic record. 

Probability forecasts of the next eruption time with uncertainty quantification 



Fig 7. PDC invasion probability maps on a 50 years time window, vents located in the on-land part of the caldera. Invasion areas scale and 
temporal model based treating separately the eastern and western sectors of the caldera. Contours and colours indicate the percentage 
probability of PDC invasion by explosive eruptions in the next 50 years.  

 
Vent opening maps based on Bevilacqua et al. [2015], hazard maps based on Neri et al. [2015], Cox-Hawkes temporal model from Bevilacqua 
[2016] - PhD Thesis. Figure from Bevilacqua et. al [2016] - EGU2016 General Assembly, oral presentation. 
 

Preliminary hazard maps with temporal scale - 50 years  



•  Doubly stochastic models are a general tool for assessing random systems that depend on uncertain 
information, as in the case of volcanic processes. 

 
• Cox and Hawkes processes allow to consider data uncertainty and to reproduce spatial and temporal 

clustering of eruptive events. In the study developed both these features were considered together for 
the first time. 
 

• Activity in the western sector involved significantly smaller volumes, but it was the first to appear in 
the initial stages of Epochs I and II, whereas no clear indication can be obtained from the data of Epoch 
III. This observation is compatible with the assumption that the Monte Nuovo eruption represents the 
start of a new epoch of activity. 

 
• By assuming that Monte Nuovo represents the start of a new epoch of activity, and by considering the 

caldera as a whole, the average time to the next eruptive event is of the order of ~100-120 years, with 
the 5th and 95th percentiles of physical variability corresponding to ~5 and ~350 years, respectively. 
Epistemic uncertainty was quantified as ±25-35%. 
 

• However, distinction between the western and eastern sectors of the caldera provides remarkably 
different average return times for the events (as well as clustering properness). As a consequence, time 
and scale separate analyses of the two sectors of the caldera would be more appropriate for hazard 
assessment purposes. 

Concluding remarks 
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