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• The  statistical  behavior  of  the  variability  of  individual  exposure  is  described  with  a beta  function.
• The  extreme  value  in  the  beta  function  is  properly  addressed  by [5]  correlation.
• Two  different  datasets  gave  clear  support  to the  proposed  novel  theory  and  its hypotheses.
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a  b  s  t  r  a  c  t

A  key  issue,  in  order  to be  able  to cope  with  deliberate  or  accidental  atmospheric  releases  of  hazardous
substances,  is the  ability  to  reliably  predict  the  individual  exposure  downstream  the  source.  In many
situations,  the  release  time  and/or  the health  relevant  exposure  time  is short  compared  to  mean  concen-
tration  time  scales.  In  such  a case, a  significant  scatter  of exposure  levels  is expected  due  to  the  stochastic
nature  of  turbulence.  The  problem  becomes  even  more  complex  when  dispersion  occurs  over  urban  envi-
ronments.  The  present  work  is  the  first attempt  to  approximate  on generic  terms,  the  statistical  behavior
of  the  abovementioned  variability  with  a beta  distribution  probability  density  function  (beta-pdf)  which
has  proved  to  be quite  successful.  The  important  issue  of the  extreme  concentration  value in  beta-pdf
seems  to  be  properly  addressed  by  the  [5]  correlation  in which  global  values  of its  associated  constants
are  proposed.  Two  substantially  different  datasets,  the wind  tunnel  Michelstadt  experiment  and  the field
Mock  Urban  Setting  Trial  (MUST)  experiment  gave  clear  support  to  the  proposed  novel  theory  and  its
hypotheses.  In  addition,  the  present  work  can  be  considered  as basis  for  further  investigation  and  model
refinements.

©  2015  Elsevier  B.V.  All  rights  reserved.

1. Introduction

Increasing urbanization and the resulting localization of human
living and industrial production within relatively small areas lead to
very demanding standards for human safety and air quality in urban
environments. In this context there is a necessity to be able to cope
with deliberate or accidental atmospheric releases of hazardous
chemical, radioactive or bacteriological substances that might hap-
pen within urban and industrial areas in order to minimize or even
eliminate the resultant potential health hazard. The basis of effi-
cient emergency management is the ability to reliably predict the
individual exposure downstream the source.
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In quantitative terms the fundamental parameter characterizing
the individual exposure within �t  to a certain receptor down-
stream the plume is the time averaged concentration within ��
defined as:

C(��) = 1
��

∫
��

c(t)dt (1)

where c(t) is the instantaneous concentration at the receptor point
and ��  is the exposure time considered.

The relevant duration of the exposure time ��  is selected either
on health impact considerations or on the hazardous substance
release duration or on real conditions (e.g., the time an individual
is expected to stay at the particular location). Especially near the
emission source there might be cases where the concentrations are
very high and related time scales are as low as breathing time (i.e.,
a few seconds). On the other hand very short releases in the order
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Fig. 1. Peak experimental concentration as function of downstream distance for
Trial  No 11 of the Mock Urban Setting Trial (MUST) experiment [23].

of a few seconds up to a few minutes are common scenarios for the
above mentioned accidental or deliberate release events.

Thus, the prediction of short time exposure at the receptor of
interest is often a fundamental necessity when dealing with critical
safety and security problems.

The atmospheric dispersion in complex environments such as
the urban ones is a complex problem. The need however for short
time exposure prediction makes the problem even more difficult
if one takes into consideration that local airborne hazardous sub-
stance concentration is a highly variable parameter due to the
stochastic nature of turbulence. A practical consequence of this
stochastic behavior of pollutant concentration values in urban
environments is the highly intermittent characteristics of the con-
centration time series. Enhanced by the street network, natural
variability of urban wind conditions due to local turbulence is lead-
ing to quite different plume pathways for different time of releases
[16].

In other words how the plume is going to be dispersed depends
on what the local instantaneous atmospheric initial conditions at
the time of the release are. However, those conditions are not pos-
sible to be defined completely in a physical sense. On realistic terms
what can be best expected, is the possibility at the receptor point
to be able to predict at a given time interval ��  the maximum
expected concentration Cmax(��) and even the set of the values that
the actual concentration C(��) can take in terms of a probability
density function (pdf).

The common methodology today to predict maximum concen-
trations is the utilization of well-established probability density
functions (pdf) (e.g. chopped normal, log-normal, gamma  or
Weibull) for the concentration distributions [18,22,24,14,13]. In
this case, a computational dispersion model uses the predicted
concentration mean, variance and intermittency factor and a prede-
fined probability density function as mentioned above, to estimate
the peak concentration with a confidence interval (e.g., 95% or 99%).
For example, the widely used puff model SCIPUFF [21] uses the
chopped normal distribution.

It is noticed that the results are expected to be sensitive to
the particular pdf and especially on the confidence limit selected.
Therefore additional criteria are needed to specify the appropriate
confidence interval level [12]. In reality the maximum concentra-
tions are real deterministic numbers and are expected to dilute
downstream. As illustrated in Fig. 1, the Cmax(��) measured dur-
ing the Mock Urban Setting Trial (MUST) experiment Trial No 11

[23] is plotted against plume downwind distance. The dilution of
Cmax(��) as the pollutant moves downstream is clear.

Thus, there is a necessity to seek for a new pdf for C(��) in
which not only the mean and variance are the defining parame-
ters but also the extreme value Cmax(��). The derivation of a new
pdf for C(��) and the associated maximum expected concentration
Cmax(��) will be the main effort under the present investigation.

This new knowledge could be further exploited especially in
emergency management for (a) enhancing atmospheric dispersion
modeling relevant capability and (b) providing methodology on
extreme value predictions of online monitoring sensor time signals
during a release event.

In the present work, it is assumed for simplicity, that the release
rate is continuous and constant. The source is near the ground and
pollutant is dispersed through a complex environment (e.g., urban).
It is noticed that a solid methodology appropriate for this kind of
problems could serve as a basis for other types of releases such as
instantaneous and/or finite time.

2. The present approach

Adopting any finite range pdf for C(��), the prerequisite is the
ability to estimate the extreme value Cmax(��). For this purpose,
the following approach introduced by [5] is used as a basis:

� = Cmax(��) − C̄
C̄

= b × (
��

Tc
)
−�

× I (2)

where C̄ the mean concentration, �2
C the concentration variance

and I is the concentration fluctuation intensity.

I = �2
C

C̄2
, �2
C = ¯C ′2andTC =

∞∫

0

RC (�)d� (3)

C ′ are the concentration fluctuations, TC is the concentration inte-
gral time scale derived from the concentration autocorrelation
function RC (�).

The parameters b and � are derived from experimental evidence.
It is noticed that the calculated b and � values among the various
receptors in a specific release exhibit variability reflecting above
all, the model imperfectness, the experimental errors, the insuffi-
cient degree of the signal stationarity and the signal finite duration.
Looking for indicative values for Cmax(��),

best fit analysis of field experimental data such as MUST [23] and
FLADIS [20] have suggested the values b = 1.65 and � = 0.3 [3]. The so
obtained relationship [2] has been used by the authors in the past,
to predict successfully maximum concentrations from near ground
releases using Computational Fluid Dynamics (CFD) methodology
for C̄ and �2

C prediction by solving the relevant transport equations
[9,8,10,11].

However, in the present approach, since we are looking for the
pdf upper bound at a certain receptor, we  are going beyond the
abovementioned indicative maximum value and we are focusing
on the extreme value Cmax(��) in the hypothetical case that a pol-
lutant release lasts for an infinite time. It is noticed that such an
extreme value cannot be quantified experimentally since no exper-
iment can run for infinite time which is not realistically possible. In
a specific receptor in which the concentration time series is mea-
sured, when comparing the measured peak value Cmeas

max (��) with
the expected extreme value Cmax(��), it is always Cmeas

max (��) ≤
Cmax(��). This is due to the fact that the measured peak value is
obtained from a time series of finite duration since infinite experi-
mental time is not possible.

The proposal here is that this extreme value Cmax(��) is also
provided by Eq. (2) with new values of the parameters b and �. The
adopted strategy here is to fix the value of � = 0.3 and allow the b
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