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Abstract We present a general framework that enables decision-making when a
threshold in a process is about to be exceeded (an event). Measurements are combined
with prior information to update the probability of such an event. This prior informa-
tion is derived from the results of an ensemble of model realisations that span the
uncertainty present in the model before any measurements are collected; only prob-
ability updates need to be calculated, which makes the procedure very fast once the
basic ensemble of realisations has been set up. The procedure is demonstrated with an
example where gas field production is restricted to a maximum amount of subsidence.
Starting with 100 realisations spanning the prior uncertainty of the process, the mea-
surements collected during monitoring bolster some of the realisations and expose
others as irrelevant. In this procedure, more data will mean a sharper determination
of the posterior probability. We show the use of two different types of limits, a maxi-
mum allowed value of subsidence and a maximum allowed value of subsidence rate
for all measurement points at all times. These limits have been applied in real world
cases. The framework is general and is able to deal with other types of limits in just
the same way. It can also be used to optimise monitoring strategies by assessing the
effect of the number, position and timing of the measurement points. Furthermore, in
such a synthetic study, the prior realisations do not need to be updated; spanning the
range of uncertainty with appropriate prior models is sufficient.
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1 Introduction

Monitoring is important in situations where certain events must be prevented from
happening, or require mitigating measures to be deployed soon or further in the fu-
ture, or simply need to be reported. Monitoring enables enough information to be
obtained so that a warning signal can be given whenever the probability that such an
event will occur has reached a predefined critical level. The warning, or red flag, sig-
nals the start of an action or a chain of actions. This paper deals with the translation
of monitoring data into the probabilities of events occurring at a specified moment in
the future, so that a metaphorical red flag can be hoisted when necessary. Our current
approach originated from assessing the monitoring strategy for subsidence resulting
from gas production in sensitive areas. We will therefore refer to the context of sub-
sidence, although the method proposed is applicable to a wide variety of problems
within or outside the field of geosciences. While problems of this nature have been
addressed before in different fields of study such as earthquakes, flood forecasting,
banking and medicine (for instance, Convertito et al. 2008; Nguyen et al. 2008; Orre
et al. 2008; Reggiani and Weerts 2008, Youngblood and Atwood 2005), the method-
ologies used vary and seem to lack a general basis. This hampers the comparison of
results. The method we describe here is conceptually straightforward and general.
It entails dealing with the problem in terms of Bayesian probability theory (Jaynes
2003). Another method that might be employed is particle filtering (Arulampalam et
al. 2002), but our method seems simpler in its approach.

2 Methodology

For the sake of clarity, let us assume that gas is produced in an area that has particular
heritage or environmental value. A licence is issued to the operating company on the
condition that the ground should not subside more than a certain specified limit. This
can be expressed as

U(t,Y ) ≡ Limit will be exceeded Y years from time t .

In this formulation, Y will typically stand for a period between two extensive mea-
surement campaigns necessary during the production process, or it is a time span
enabling mitigation if critical levels are expected. We are interested in the probabil-
ity, derived from the monitoring data, that the limit will be exceeded, P(U(t, Y )).
A completely analogous scheme can be set up for all kinds of probabilities; for ex-
ample, if a limit is not being reached, an aquifer being active, or a fault sealing. To
attribute a meaning to this probability, we must ask ourselves in which universe this
probability exists. In other words, we must define the space of objects that we have to
assess. Before production operations begin, we will make many quantitative models
of the subsurface, using a fixed gas production prognosis so as to take account of al-
ternative geological models of the subsurface as well as of a range of geo-mechanical
parameters. Key to our method is that our prior assumptions about P(U(t, Y )) are
updated with measurements—more accurately, they are updated with the probability
of each realisation, given the measurements. Suppose our universe, the ensemble of
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subsurface realisations, is {Mj ; j = 1, . . . ,N}. Then, following standard probability
theory, the posterior probability of the event is given as

P
(
U(t,Y )|Data

) =
∑

i

P
(
U(t,Y )|Mi

)
P(Mi |Data). (1)

The fact that we write Data after the vertical bar in this probability signifies that the
probability depends on the data hitherto obtained. It is thus a conditional probability.

The relationship between the subsurface models and the subsidence requires a
process, or forward, model. We use a reservoir model in conjunction with a published
geomechanical method (Fokker and Orlic 2006). By running the forward model on
the ensemble of subsurface realisations, we establish an ensemble of subsidence reali-
sations spanning the uncertainty before any measurements are collected. We know for
each member whether it exceeds the subsidence limit or not. In other words, we know
the definition of P(U(tY )|Mi). Although there will inevitably be computational in-
accuracies, we assume them to be such that we can infer from the models whether
or not U(t,Y ) holds; hence P(U(t, Y )|Mi) = 1 or 0. The next question is how to
attribute a probability to each realisation in the ensemble. The Bayesian probability
of a particular realisation k is

P(Mk|Data) = P(Mk) · P(Data|Mk)∑
j P (Mj ) · P(Data|Mj)

. (2)

In this formula, the left-hand side is the probability we are looking for (for simplicity,
tags for the explicit time dependence have been omitted from the formula). In the
right-hand side nominator, we have the prior probability of the realisation, which is
our subjective assessment, and the associated likelihood of the data. The denominator
is merely a normalising factor, the sum of all the realisation probabilities considered
to be unity. Since all models are assumed to have a sound geophysical basis before
being admitted to our ensemble, all prior probabilities are assumed equal to 1/N . As
will become apparent from what follows, this is not a major issue.

Next, we discuss how to choose the likelihood P(Data|Mk)? The data obtained at
a time t (z(t)) must be compared with the result calculated for time t for realisation
Mk(zk(t)). We should have a general idea about the accuracy of the data and the Mk

combined in a standard deviation. We propose a Gaussian function for this likelihood.
The underlying general idea is convincingly explained in Jaynes (2003) [in Chaps. 7
and 11 in particular] and we refer to that publication. We now introduce an objective
function Ik(t) at time t , and, hence, state that

P(Data|Mk) = exp
[−Ik(t)

]
, (3)

Ik(T ) =
∫ T

0

(z(t) − zk(t))
2

2σ 2
k (t)

dt. (4)

When the data set is discrete rather than continuous, we must use a summation rather
than an integral

Ik(T ) =
∑

i

(z(ti ) − zk(ti))
2

2σ 2
k (ti)

. (5)
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Note that the simple summation of the quadratics in the above equations is only
acceptable when the cross correlations in the measurements are negligible. In the
present study, we assume this to be the case. Using the data acquired, we can
now compute the model probability P(Mk|Data) with (2). This probability is time-
dependent, as the longer we monitor, the bigger our data set becomes. Finally, we
may compute the required updated probability of “the event”, using (1).

A number of remarks must be borne in mind. We include in our ensemble only
those probabilities that exist in the universe of model realisations that we have
adopted. If we are very restrictive in admitting realisations, we may run the risk of
insufficiently taking uncertainty into account. We might miss the true realisation by
a wide margin. If, on the other hand, we include many models we do not a priori
believe in, we run no risk at all. If indeed these models do not stand up against the
data, they will be discarded automatically in our procedure. If they are bolstered,
we may have to revise our original opinion of them. Problems with many uncertain-
ties may require prohibitively long computation times. However, by contrast with
conventional data assimilation, all the model calculations in our red flag method are
performed a priori, so when new data come in the models do not have to be updated
and no new calculations are necessary. Our proposed red flag method is applicable
to a wide variety of problems in geoscience and beyond. Its limitations are mostly in
dealing with problems with too many uncertain parameters, or problems for which
the model result is very non-linearly dependent on the input. An example of a very
non-linear process in geoscience is the prediction of water breakthrough on the basis
of pressure measurement. In such a case, a small difference between the pressures
predicted by a favoured realisation and the measured pressures may correspond to a
large difference in the time of water breakthrough. We feel that the method is most
applicable to problems in which the physical relation between the cause and the mea-
sured result that triggers the warning is clear; there exists a continuous dependency
between cause and effect; measurements can be made which facilitate the updating of
the probabilities; and remedial action is possible. Some applications could possibly
be found in air pollution aggravated by unfavourable meteorological conditions, such
as smog formation (Manders et al. 2009); traffic bottlenecks related to economic ac-
tivity; flood risks related to weather conditions (Reggiani and Weerts 2008); damage
to buildings related to groundwater management, etc. Absolute quality control is pos-
sible. For instance, for each piece of data we may expect the relevant term in (5) to be
of the order unity. If our estimate of σk is sensible—which is likely when we know
the measuring procedures, tools and modelling details—that is a result we should
expect. This means that the objective function Ik(T ) should be of the order Ndata, if
Ndata is the quantity of data obtained so far. If Ik(T ) turns out to be much bigger than
the quantity of data included, we know that in an absolute sense realisation k is a bad
realisation. Many realisations will indeed be expected to suffer from this inadequacy.
It is precisely the point of the method to discover these realisations. If all our realisa-
tions suffer from this inadequacy, we know that we have to construct better ones, or
enlarge our ensemble. In principle, the set-up of a subsidence criterion is independent
from the set-up of the measurements. For example, using measurements taken around
the rim of a bowl one could assess the probability of a threshold in the centre of the
bowl being exceeded. However, the more closely the measurements and the criterion
are connected, the sharper the probability assessment.
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Let us recapitulate. We construct model realisations that form our basis of judg-
ment, and we attribute a Bayesian probability to each of them. This probability will
generally change as incoming data are incorporated. For each realisation, we will be
able to assess whether U(t,Y ) is true or not in that particular case. The probability of
U(t,Y ) can then be computed as the summation over all realisations. When applied
to our case, in which subsidence must be monitored, we have the following procedure

1. Define the subsidence criterion.
2. Make various subsurface models, e.g. using a Monte Carlo approach.
3. Calculate the ensemble of subsidence realisations, using forward process models.
4. Define for every time and for each realisation whether or not the criterion is ex-

ceeded.
5. Determine the probabilities of the realisations, using the measurements (2).
6. Calculate the probability of exceeding the criterion using (1).

3 Demonstration

We have applied our red flag method to a synthetic case also used in an earlier inver-
sion study (Muntendam-Bos and Fokker 2009). The case is based on an existing gas
field in the northern Netherlands. To be able to apply the method, we used a reservoir
model and a geomechanical model to generate synthetic measurements. These we
used to update the probabilities of the Monte Carlo realisations created.

3.1 Model Set-Up

The predefined, initial model grid represents a tilted reservoir, cut by three nearly
vertical faults (Fig. 1). The field has a surface area of A = 22.2 × 106 m2 and an as-
sumed constant thickness of 91 m, distributed over 6 layers. The gas/water interface
has a transmissibility of 0.0337; the compaction coefficient is a linear function of the
pressure. The basic petrophysical properties of the reservoir are shown in Table 1.
The top of the sandstone reservoir is situated at a depth of 2300 m and is capped by

Fig. 1 Synthetic gas field and
connected aquifer
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Table 1 Characteristics of the synthetic reservoir

Description Value

Depth 2300 m

Surface area 22.19 × 106 m2

Thickness 182 m

Number of layers 6

Number of faults 3

Depletion period 15 years

Average total pressure drop 180 bar

Depletion-dependent compaction coefficient (0.0022 × 10−5 dP + 0.2 × 10−5) bar−1

Transmissibility gas/water interface* 0.0337

Thickness of overlying salt layer 600 m

Fig. 2 Calculated pressure depletion of the gas field for the synthetic truth

a 600 m thick layer of rock salt. The reservoir is depleted by six wells over a 15-year
period, resulting an average total pressure drop of 90 bar (Fig. 2). The model consists
of 1036 grid cells for each layer. To be able to calculate subsidence at the surface, we
need to know the total compaction of every layer of each surface grid cell. Therefore,
the pressure drop for each surface grid cell at each time step was depth-integrated
over the 6 layers. The elastic properties of the subsurface (both overburden and un-
derburden) were not depth-averaged. The salt layer is represented by an intermediate
layer that is stronger than the other layers. Synthetic measurements were created in 90
points every 3 years from start of production, using the forward model developed by
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Fokker and Orlic (2006). These points mimic consecutive measurement campaigns.
At one of the points in the centre of the subsidence bowl, additional measurements
were created every year, to mimic the increased monitoring intensity resulting from
the installation of a GPS point. All the measurement points had an associated uncer-
tainty σk of 5 mm. This figure also includes numerical errors in the dynamic model.

3.2 Limits

We imposed two different types of limits. The first type is associated with a system
that requires remediation measures to be taken if the probability that subsidence ex-
ceeding a critical value is imminent, meets, or exceeds a pre-defined probability. In
that case the limit is a maximum permitted value for subsidence for all measurement
points at all times, we chose typical values of 3.3 cm and 5.5 cm. Such a limit is
often relevant in areas with artificially maintained water management systems. The
second type of limit is associated with the subsidence rate. We applied a maximum
average rate of 4 mm/year. This can be seen as a simplification of the limit applied in
the Dutch Waddenzee area, where gas is produced from below a protected tidal delta
sedimentary system. In order to maintain the morphological system of this protected
area, the combined effect of the background subsidence rate, the sea level rise and the
induced subsidence rate must be offset by the natural sedimentation rate. Therefore,
the induced subsidence rate limit varies with time.

3.3 Prior Uncertainty

In our synthetic case, it was assumed that the set-up of the model, including the depth
of the free water level, was known. In the model we used the same uncertainties as in
Muntendam-Bos and Fokker (2009): the transmissibility of the gas/water interface in
the reservoir, and the compaction coefficient. The prior probability distribution of the
transmissibility multiplier resulted in large variation of the pressure in the aquifer—
and hence in the compaction too. For the compaction coefficient, both the absolute
value at zero pressure and the dependence on the reservoir pressure were assumed
to be uncertain. The variation of the value of the compaction coefficient resulted in a
general variation of the compaction; its pressure dependence resulted in a variation in
the time dependence through the time dependence of the reservoir pressure. The prior
uncertainties were mapped using Monte Carlo simulations: 100 realisations were cre-
ated to cover these. The case used to create the synthetic measurements was not part
of this ensemble.

3.4 Forward Calculation

For every simulation, the pressure history and the associated compaction were cal-
culated and stored for the complete time sequence. Then we computed the surface
subsidence in response to the reservoir compaction on the same network of 90 obser-
vation points every 3 years and on a specific GPS-point every year. These subsidence
values were compared with the subsidence criterion to assign P(U(t, Y )|Mi) = 1 or
0 for each realisation at each time.
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Fig. 3 Ensemble of subsidence realisations in the centre of the subsidence bowl. The orange lines rep-
resent the Monte Carlo results, the black symbols/solid line represents the measurements and their uncer-
tainties obtained with the synthetic truth [as a linear interpolation on the 3-year periods]. The straight blue
lines indicate the subsidence criteria: the two absolute values as horizontal lines, the rate criterion as a
sloping line

3.5 Results: Updating the Probability of Each Realisation

The ensemble of the 100 Monte Carlo realisations is represented in Fig. 3 for
a location near the centre of the subsidence bowl. As an example, the largest
absolute-maximum criterion is exceeded for some of the scenarios after 8 years.
The maximum-rate criterion is exceeded for some scenarios right from the begin-
ning; other scenarios follow later, due to the compaction coefficient increasing with
pressure. At the start of the production, measurements are not yet available and all
the realisations have the same probability. After the first measurement campaign,
the probabilities of the realisations change. The changing probabilities of realisa-
tions with subsequent campaigns result in a higher probability value for realisations
showing behaviour close to the truth, while the others decrease in probability. This
is indicated in Fig. 4(a). The distinctive power of the measurements increases with
time, along with the increase of the absolute value of the subsidence. After 12 years,
only a very limited subset of the original suite of scenarios has a probability that is
sizable, e.g. larger than 0.01.

The probability can be determined using all the measurements available, not just
the ones in one place. We tested the effect of the number of measurements taken. The
developments of the probabilities of all the realisations are depicted in Fig. 4. It is
clear that with a well-chosen suite of measurements, the quality of the procedure can
be much improved. When all the 89 measurements are taken into account, only two
of the 100 scenarios retain a reasonable probability; by contrast, in the test with only
one measurement in the centre of the subsidence bowl, some 15 scenarios remain
probable until the end.

The objective function Ik(T ) for the 100 scenarios ends up in the range of 0.67–
704 with Ndata = 364. At least one realisation closely matches the data, and even the
worst realisation is still reasonable. This is not surprising, as our case is synthetic and
well controlled. If no values close to unity were to occur in real cases, this would
signal either that the models had not been adequately chosen (no models predict the
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Fig. 4 Competition within the
ensemble. With the acquisition
of more data with time, the
calculated probability of
realisations close to the truth
increases. When calculating the
probabilities, the number of
measurement points in each
3-year campaign was: 1 (top
graph), 7 (middle graph) and
89 (bottom graph)

measurements closely enough) or that the reliability of the data had been overesti-
mated.

3.6 Results: Updating the Probability of Exceeding the Limit
Within the Next 3 Years

The final step in the procedure is the determination of the probability that the sub-
sidence criterion will be exceeded. The results for the probabilities that the criteria
will be exceeded in the next measurement campaign are given in Fig. 5. They are
compared with the probabilities determined without any measurements, i.e. assigning
equal probability to every single realisation during the complete period. This proba-
bility (Fig. 5, top) slowly increases with time as more and more realisations exceed
the subsidence criterion.
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Fig. 5 Probability that a red flag should be hoisted, i.e. the probability that in the next campaign the
subsidence criterion is exceeded taking account of the number of measurements. Top, without any mea-
surements; bottom left, rate criterion with results for 1, 7, and 89 points; bottom right, absolute-value
criteria for 3.3 cm and 5.5 cm, both with 89 points

When there is only one measurement point, there is already a considerable prob-
ability that the limit will be exceeded after 6 years (Fig. 5, bottom left), and already
even after the first campaign. This is not the case when all 89 measurement points
are included, then the determination of the probability is much sharper. The same is
true after 9 years. For a single point, the probability of exceeding the limit in year
12 has only risen to about 0.4. With all the 89 points included, the determination of
the probabilities is much sharper. The results for the criterion with the absolute value
and 89 points included (Fig. 5, bottom right) also show that the procedure results in
a realistic estimate of the probability that the criterion will be exceeded.

3.7 Optimising the Monitoring Strategy

The framework that we have developed can be used in a straightforward way to opti-
mise the monitoring strategy. That can be done by assessing the effect of varying the
number, position, type and frequency of hypothetical measurements on the probabil-
ity of exceeding a limit within a certain time window. Note that no actual measure-
ments are needed for such an exercise, which is, in fact, just a sensitivity study.
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4 Concluding Remarks

We have presented a general framework for translating monitoring results into the
probabilities that an event requiring action will happen, i.e. it is a framework for
red-flagging. The probability of such an event is calculated by combining prior in-
formation with the likelihood of the measurements for each subsurface model. The
prior probability for all realisations under scrutiny is treated equally, as only sensible
realisations are allowed. As we wrote earlier, the assessments are heavily influenced
by a wealth of measured data. We do not need to be harsher to some models than oth-
ers at the outset; model realisations of an ill fit are quickly reduced to non-influential
status. No updating of the prior models is required. This makes the procedure very
fast once the basic ensemble of realisations has been set up. The procedure has been
demonstrated with an example where production of a gas field was limited to a max-
imum amount of resulting subsidence (or rate of subsidence). Starting with 100 re-
alisations spanning the prior uncertainty of the process, the measurements collected
during monitoring bolster some of the realisations while refuting others. Inputting
more data in this procedure subjects the realisations to a more severe test. Here we
must emphasise the importance of understanding the Bayesian interpretation of a
probability. Obtaining different probabilities by using more data does not mean that
the previous probabilities were wrong. It merely means that we have improved the
basis for estimating the probability of exceeding the subsidence limit, U(t,Y ). And,
indeed, the more measurements we acquire, the more we demand from the underly-
ing model realisations. We note, however, that we consider the measurements to be
sufficiently independent to allow the simple definitions in (3) to (5) for the likelihood.
These definitions may have to be amended if the data exhibit correlations.

The monitoring strategy in specific cases can be optimised by assessing the effect
of the number, frequency and position of the measurement points. This enables us
to find out where truly critical measurements must be gathered. Indeed, in such a
synthetic study, it is not necessary to update the prior models, because it is assumed
that a number of them are realistic. Before beginning the analysis we have to ponder
the degree of our uncertainty. If we suffer from tunnel vision, and believe that a
universe of just a few models will do, we may get poor answers. A prerequisite for
the method described in this paper is the appropriate acknowledgement of what we
know and what we do not. This, again, is in perfect agreement with Bayesian thinking.
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