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Abstract: We briefly review the Trajectory Statistical Methods (TSMs) most used in literature for source identification,
essentially based on the concept of Residence Time. Then, we introduce a statistical methodology that, starting from the
Concentration Field method, takes into account only the peak values in the concentration time series measured at multiple
receptor sites. We use virtual simulations to evaluate the performance of our approach. In order to derive concentration time
series at multiple receptors, the Lagrangian Dispersion Model (LSM) FLEXPART is used, in the time forward mode, to
simulate dispersion from a known emission source. Then, virtual concentration data are available in the receptor sites. As in
many TSMs, Residence Times need to be computed and, to this goal, we use FLEXPART, but in the backward mode, that is,
FLEXPART is applied to compute the backward trajectories from the receptor sites. Then, our proposed statistical method is
applied to the computed Residence Times and to the concentration data to reconstruct the spatial distribution of emission
sources. The numerical results show that our approach could overcome the problem of ghost sources. Further, the proposed
method requires simulation times shorter that those required in other methods, since it makes use of a relatively small set of
trajectories. This could be of some interest in the characterization of impact studies and local climatic scenarios.
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1. INTRODUCTION

The analysis of source regions and their contributions to receptors is an important tool in the development of
effective control strategies (Lin, C.H. and L.F.W. Chang, 2002). To this aim, receptor modelling techniques have
been extensively developed. Currently, they can be classified into two types. The first class is that of receptor
models (Henry, R.C., 1997), focused on finding the chemical composition of the sources, while the second class
is based on Air Trajectories Analysis (Kabashnikov, V.P. et al., 2001), focused on evaluating the probability of
source locations. These two approaches are often used together. However, here we are interested in the
efficiency of the second class of models.

The trajectory-based approach directly indicates the linkages between sources and receptors. In a time backward
approach, it is possible to follow the motion of a polluted air parcel from receptor to source sites. Since the air
parcel arriving at a site could have followed different trajectories, the use of multiple trajectories could provide a
measure of the uncertainty inherent to air mass pathway, arising for example from assumption regarding vertical
transport, turbulence, interpolation of meteorological data. In the Air Trajectories Analysis, the trajectories can
be computed with both deterministic and stochastic models. When considering turbulent transport and the
boundary layer, it is natural to use an approach based on Lagrangian Stochastic Models (LSMs), which are the
underlying models used for the development of Trajectory Statistical Methods (TSMs). The pathways of air
parcels are then described in terms of probability distributions. Then, these models, taking into account
turbulence, can be used to study the transport also in the planetary boundary layer. On the contrary, deterministic
trajectories models are more suited to large scale circulation study.

Most TSMs reported in literature are based on the Residence Time (RT) analysis, initially presented by
Ashbaugh (Ashbaugh L.L, 1983). This analysis is based on the estimation of the probability of finding a
randomly selected air parcel in a given position during a given time period, along the pathway between source
regions and receptor sites. The contribution of pollutant sources to measured concentration at receptor sites is
then evaluated as a function of the time spent by air parcels in the polluted area. More quickly the air parcels
pass through a pollutant source region, less time they have to accumulate pollutants. Starting from the RT
analysis, other methods have been proposed: methods that determine the residence time for high or low
concentrations measured at receptor site (e.g. Probability Source Concentration Field method) (Ashbaugh, L.L.
et al, 1985, Zeng, Y. and P.K. Hopke, 1989) and methods that weight the residence time by measured
concentration at the receptor point (e.g. Concentration Field method, Seibert, P. et al., 1994, and Redistributed
Concentration Field methods, Stohl, A., 1996). The results of TSMs are spatial distributions of ratios as for
Probability Source Concentration Field (PSCF) method, or concentrations, as for Concentration Field (CF) and
Redistributed Concentration Field (RCF) methods, which can either be interpreted as spatial distributions of
potential sources and sinks or as an indication of the spatial distributions of the trace substance itself.



In this work, we briefly review some TSMs reported in literature. Then, starting from the CF analysis, we
introduce a statistical methodology, that takes into account the concentrations measured at multiple receptors
only during peak events. As a validation test, we apply the described methodology to artificial receptor data that
are derived from numerical simulations of the Lagrangian Dispersion model FLEXPART (Stohl, A. et al.,
2005).

2. METHODOLOGY

Ashbaugh (Ashbaugh, L.L., 1983, Ashbaugh et al., 1985) was one of the first to use back trajectories analysis to
identify source regions, introducing the Residence Time (RT) Analysis. This analysis is based on the estimation
of the probability P[A], i.e. the probability of finding the particle in the position (X,Y), where X and Y are the air
parcel’s longitude and latitude, respectively, at some time t” < t. Given the position of an air parcel at time t, the
position of the air parcel at time t’, i.e., a time point on the trajectory, defines a set of points in the space of all
possible coordinates on the Earth’s surface. The estimation of this probability from actual trajectory is referred to
as a Residence Time Analysis (Ashbaugh, L.L., 1983) and can be calculated as:
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where njj is the number of posmons of the air parcels that, at each time increments (referred to as trajectory
segment endpoints), fell in the ij™ cell (i.e. the grid cell of latidude-longitude coordinates (i,j)), during a time
interval T, and N is the total number of endpoints computed for the time interval. The probability P [Aj]
represents the residence time of a randomly selected air parcel in the ij cell relative to the total time interval T.

It is also interesting to determine the residence time for high concentrations, that is the probability of the event
that an air parcel with a high pollutants concentration is in the ij" cell. We can then calculate the conditional
probability of the event Bj; (trajectories that arrived at the receptor site with pollutant concentration higher than a
prescribed value), given that the event A (that is the residence tlme of a randomly selected air parcel on the ij™
cell relative to time period T) occurs. If n; endpoints are 1nt0 the ij™ cell during the period T, the probability of
this event A; is given by P[A;]=ny/N . If in the same ij' " cell there are m;; endpoints that correspond to the
trajectories that arrive at the receptor site with pollutant concentration higher than a prescribed value, the
probability of this event, Bj; is P[Bij]=m;/N. The conditional probability is:
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where M is the total number of trajectories, M; is the total number of trajectories arriving to the receptor point
when concentration is above the threshold value, and t;; the time spent in grid cell (i,j) by trajectory | . Zeng, Y

and P.K. Hopke (1989) called this method Potential Source Contribution Function (PSCF), since a high value of
the conditional probability in a cell indicates that this region has a high potential to influence the air pollution
concentration observed at receptor site.
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Other methods use the pollutant concentration measured at receptor point to weight the residence time. We recall
here the Concentration Field method (CF) (Siebert, P. et al., 1994) based on the computation of the logarithmic
mean concentration for each grid cell of the domain of trajectories simulation:
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where (i,j) are the indices of the horizontal grid, | the index of trajectory, M the total number of trajectories, c;
the concentration observed on arrival of trajectory | and t;; the time spent in grid cell (i,j) by trajectory I. A high
value of Cjj means that, on average, air parcels passing over cell (i,j) result in high concentrations at the receptor
site. The CF method leads to underestimate the spatial gradients of the true source fields, since the concentration
measured at the receptor sites is attributed with equal weight to all segments of the trajectory, whereas pollution
sources are usually concentrated in ‘‘hot spots’” (Stohl, A., 1996). Stohl, A. (1996) proposed the redistribution
concentration field method (RCF), based on an iterative redistribution of the concentrations along the
trajectories. A first guess concentration field is calculated by the CF method, then the concentrations values
along each trajectory are re-weighted according to the ratio of the concentration of that grid cell to the mean



concentration of all grid cells along the path of that particular trajectory. After the redistribution is performed for
all trajectories, a new concentration field can be computed with the equation:
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where Cy is now the redistributed concentration (and not the measured concentration) and Ty is the residence
time of segment Kk of trajectory | in grid cell (i,j). With this new concentration field, a second redistribution of the
concentration along the trajectory is done. The complete procedure is iteratively repeated until the average
difference between the concentration fields of two successive iteration is below 0.5%. The major assumption of
the redistribution method is that the measured species is directly emitted or produced by linear chemistry.

We are now interested in evaluating the relationship between peak events in the pollutant concentration,
measured at the receptor sites, and source emission intensity. To this goal, we propose the following modified
CF method, herein called Peak Events Concentration F ield (PECF):

C;= Zlog il (5)
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where (i,j) are the indices of the horizontal grid, | the index of trajectory, M, the total number of trajectories that
arrived at the receptor site when pollutant concentration is higher than a prescribed value, ¢, the concentration
observed on arrival of trajectory | and 1y the time spent in grid cell (i,j) by trajectory |. Note that this modified
CF method, at variance with Eq. 3, includes the residence times of trajectories only when the measured
concentration field, at the receptor site, is above a given threshold value. The PECF method of Eq. (5) can be
considered, in some sense, as a bridge between Eq. (2) (PSCF) and Eq. (3) (CF). Note also that, in Eq. (5), at
variance with Eq. (2), theres' no conditional probability, and thus there's no need to compute all the trajectories
for all time values of the concentration at the receptor sites. This allow to reduce the simulation time. Basically,
in Eq. (5) the role of the statistical weights given by the denominator in Eq. (2) has been substituted by the
logarithm of the peak values c;, which is based on the hypothesis that the peak events constitute a complete set
of random events or, in other words, on the hypothesis that under-threshold events determine a small
contribution to the statistical evaluation of the source spatial distribution.

3. NUMERICAL RESULTS AND DISCUSSION

Before to apply a new method to a real world situation, its reliability should be checked under simplified and
controlled conditions (Scheifinger, H. and A. Kaiser, 2007). To this aim, we have generated daily artificial inert
tracer concentrations using the FLEXPART model (Stohl, A. et al., 2005), with wind field from ECMWF at
horizontal resolution of 0.25° and temporal resolution of three hours. The simulation domain extends over
Europe for the period march 2006. The simulations, in forward mode, have been performed with a continuous
release of 10° inert particles between ground and 500m, from an aerial source. Figure 1 shows the portion of
simulation domain around source position (square) and receptor points (crosses). The simulated time series
concentrations at two receptor points and FLEXPART model, used in backward mode, have been used to
implement the CF, PSCF and PECF methods.

Figure 1. Portion of the simulation domain used for backward and forward simulations. The square indicates the source
region used in forward simulation, crosses indicate the receptor points.



Figure 2 shows the source spatial distribution, as output of the CF method. Formula 3 has been implemented
including all trajectories starting from receptor point for value of concentration different from zero.

Figure 2. Source spatial distribution from the CF method.

Figure 3 and Figure 4 show the source spatial distribution reconstructed respectively with PSCF and PECF
methods. The threshold on measured concentration at the receptor sites is such that only the concentration values
that reside in the highest 6% of all non-zero measurements are included.
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Figure 3. Source spatial distribution from the PSCF method.

Figure 4. Source spatial distribution from the PECF method.

From Figures 2 and 3 we find the emergence of the well-known ghost potential sources in the wake of the real
emission source in both CF and PSCF methods. These spurious sources are known to emerge in the Residence
Time approaches. The PSCF method was derived from the CF method as a tentative to avoid spurious effects



associated with low concentration values and, actually, it seems to better estimate the position of the real
emission source (see Figure 3). However, also the emergence of ghost sources in the wake of the real source
seems to be more enhanced in the PSCF method with respect to the CF one. Interestingly, ghost sources in the
CF method are more evident along the way between source and receptor at latitude/longitude=20.50°E/44.80°N,
while the PSCF method shows a much more evident wake between source and receptor at
latitude/longitude=16.00°E/53.00°N.

The PECF method can be considered a combination of the CF and PSCF methods, in the sense that it includes
the possibility of using above-threshold concentration values, such as in the PSCF method, but it also includes
the concentration values, measured at the receptor sites, as statistical weights, such as in the CF method.

At variance with both CF and PSCF methods, the PECF method does not use all the trajectories arriving at
receptor sites, which in the PSCF method are included in the denominator while in the CF method are in both the
numerator and the denominator. On the contrary, PECF method assumes that the set of above-threshold
concentration values includes the essential information about the emission sources or, using a probability theory
“jargon”, it is a complete set of random events. Apart from the aspects related to the ghost sources, this also
allow form much faster simulations with respect to the other approaches.

The numerical simulations seem to prove that this approach could overcome the problem of ghost sources in the
wake of the real emission source, at least for the used configuration of receptor points. This is probably due to
the fact that the PECF method, in addition to considering the above-threshold concentration values (as in the
PSCF method), takes into account also the concentration value at receptor sites. In PSCF method, grid cells
having same PSCF can result from trajectories starting from receptor points when measured concentration is
slightly higher than threshold value or extremely high concentration (Hsu, Y.K. et al., 2003). These first positive
results need further work that has to be done to test the PECF method with different spatial distributions of
receptor points and emission sources, before it can be applied to real situations.
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