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Abstract

Lagrangian particle dispersion models (LPDMs) are powerful and popular tools used
for the analysis of atmospheric trace gas measurements. However, it can be difficult
to determine the transport pathway of emissions from their source to a receptor using
the standard gridded model output, particularly during complex meteorological sce-
narios. In this paper we present a method to clearly and easily identify the pathway
taken by only those emissions that arrive at a receptor at a particular time, by combin-
ing the standard gridded output from forward (i.e., concentrations) and backward (i.e.,
residence time) LPDM simulations. By comparing the pathway determined from this
method with the particle trajectories from both the forward and backward models, we
show that this method successfully restores much of the Lagrangian information that
is lost when the data are gridded. A sample analysis is presented, demonstrating that
this method is more accurate and easier to use than existing methods using standard
LPDM products. Finally, we discuss the potential for combining the backward LPDM
simulation with gridded data from other sources (e.g., chemical transport models) to
obtain a Lagrangian sampling of the air that will eventually arrive at a receptor. Based
on the advantages of the method presented here, we suggest that it should replace
many of the standard uses of backward LPDM simulations.

1 Introduction

The transport experienced by a plume of emissions can have a significant influence
on its chemical composition. Deposition, which is an important removal mechanism
for many trace gases, occurs in the boundary layer (BL) (e.g., Neuman et al., 2006).
Significant wet deposition is often associated with strong uplift from the BL into the
free troposphere (FT) (e.g., Stohl et al., 2002b). For example, soluble species, such
as HNOg, can be removed during this uplift, limiting downwind O3 production (e.g.,
Neuman et al., 2006). Once in the FT, however, the chemical composition of an air
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mass is more dependent on photochemistry and mixing (e.g., Methven et al., 2003).
Thus, understanding the amount of time an air mass spends in the BL, the timing
and location of uplift, the time spent in the FT, and the relative amounts of mixing
during these processes are essential to a complete understanding of the chemical
transformations occurring in an air mass. As a result, determining these transport
characteristics for a plume of emissions as it travels from its source to a downwind
sample location has been an important part of many measurement efforts (e.g., Rex
et al., 1998; Stohl and Trickl, 1999; Trickl et al., 2003).

The atmospheric transport responsible for emissions observed at a downwind recep-
tor is often deduced with Lagrangian models, either trajectories or Lagrangian particle
dispersion models (LPDMs). Trajectories remain popular because they are easy to
use, but they are limited by their inability to describe the deformation of an air mass
and the concentration gradients of chemical tracers in the atmosphere (Stohl et al.,
2002a; Methven et al., 2006). LPDMs are superior because they address both these
issues (e.g., Han et al., 2005), but they also have short comings. Their output is more
complex than that of trajectory models and much of the Lagrangian information is lost
in the process of calculating concentrations on a Eulerian-type output grid. While some
work has been done to simplify the LPDM output (e.g., Stohl et al., 2002a), there re-
mains a need for new products to succinctly describe LPDM output. Additionally, there
are no methods available to retrieve the Lagrangian information that is lost when the
output is gridded, short of saving particle trajectories, which is likely to be used only by
more advanced LPDM users (e.g., Stohl et al., 2004) due to the additional computa-
tional requirements (mainly storage and memory) and the additional level of complexity
in interpreting the output.

Traditionally, studies that use LPDMs to perform a detailed analysis of transport of
emissions to a particular receptor use both forward simulations (simulations of atmo-
spheric concentrations resulting from an emissions field) and backward simulations
(simulations of the upwind transport of air ultimately reaching a receptor), but present
them as as individual products. For example, Stohl et al. (2003) used forward simu-
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lations to understand the large scale transport from North America to aircraft-based
sample locations over the North Atlantic and Europe, while backward simulations were
used to determine the age distribution of the tracer in the receptor cells, the specific
source regions contributing to the tracer enhancements in the receptor cells, and to de-
termine the transport pathway for air to the receptor. They assumed that the backward
plume matched the pathway taken by emissions, which was only reasonable because
this particular transport experienced very little deformation. Owen et al. (2006) ana-
lyzed the forward and backward products together, by presenting snapshots of the two
simulations side-by-side, but detailed analysis of transport was limited to only those
backward simulations that experienced little deformation between the source and re-
ceptor. Despite these applications, there remains a disjunction between the information
provided by forward and backward LPDM simulations.

In this paper, we present and evaluate a new method, the product of which we call
a folded retroplume. The folded retroplume addresses two of the shortcomings of
the LPDM by simplifying the LPDM output and allowing the retrieval of some of the
Lagrangian information that is lost in the process of calculating gridded output fields.
The purpose of the folded retroplume is to provide a way to efficiently and accurately
determine the transport pathway of emissions to a receptor, highlighting only those
emissions that arrive in the receptor cell at the time of interest, using standard grid-
ded (Eulerian) output fields from an LPDM. As we will show, this can be accomplished
by convolving the standard output from a forward model simulation with that from a
backward model simulation, bringing the information from the forward and backward
models together in such a way that even complex transport scenarios can be ana-
lyzed. When used in this way, the forward model describes the amount of emissions
in the atmosphere, while the backward model describes how much of this tracer will
arrive in the receptor cell at a given time. The folded retroplume is easier to use and
more accurate than using standard LPDM products alone. Additionally, the method is
superior to similar methods available with trajectories, as it retains the advantages of
LPDMs, e.g., the ability to describe dispersion and to purvey information about the rel-

18846

ACPD
8, 18843-18891, 2008

Lagrangian plume
tracking

R. C. Owen and
R. E. Honrath

: “““ “““


http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/8/18843/2008/acpd-8-18843-2008-print.pdf
http://www.atmos-chem-phys-discuss.net/8/18843/2008/acpd-8-18843-2008-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

ative concentration of the tracer along the transport pathway. We also introduce similar
uses of the backward model with alternate Eulerian fields that describe the state of the
atmosphere (e.g., output from a chemical transport model) to determine physical and
chemical properties of an air mass as it travels toward a receptor.

Below, we provide a method overview (Sect. 2), evaluation (Sect. 3), and example
(Sect. 4) that are based on the LPDM FLEXPART (Stohl et al., 2005), one of the more
popular LPDMs in use today. Although the presentation is somewhat specific to this
model, the method should be valid for any LPDM with an appropriately employed back-
ward mode because all LPDMs have the property that they are essentially self-adjoint,
i.e., the backward mode only requires the reversal of the direction of advection to give
the transport sensitivity for a receptor cell (Seibert and Frank, 2004).

2 Method overview

We begin with a brief outline of the formulation of the model output and the folded retro-
plume, followed by a simple case that illustrates the folded retroplume. We rely heavily
on the model theory presented by Stohl et al. (2005) and Seibert and Frank (2004)
and refer the reader to these sources for more detailed reviews of LPDM theory and
technical descriptions of LPDM operational details. We also recommend Flesch et al.
(1995) and Lin et al. (2003) for additional information on backward LPDM modeling and
Errico (1997) and for additional background on general adjoint model theory.

2.1 Formulation of the model output and folded retroplume

In this section, we review the calculation of the gridded model output, starting with the
forward mode, and provide several formulations involving the folded retroplume. The
calculations presented in this section are limited to instantaneous model output. (The
use of averaged model output can complicate the interpretation of folded retroplumes
and is thus discussed in Sect. 3.3.)
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2.1.1 Standard output from the forward mode

In the forward mode, particles are released in a source volume and then transported
forward in time, according to the mean and turbulent wind components (Stohl et al.,
2005). The mass of each particle at the time of emission is based on the strength of
the source. Concentrations are calculated by summing the mass of all the particles
that reside in each grid cell. We first consider only a puff of emissions and focus
on one downwind grid cell () at a single model time (f). The instantaneous gridded
concentration (c) from a puff of emissions released at time t, is thus:

1
A 2 Mty Pyt (1)
Vi

where V; is the volume of the cell and the summation is over all particles that reside in
V; attime t. m; t is the initial mass of the particle, f; is the sampling kernel, which can
be used to distribute the mass of the particle across multiple grid cells, and p; ; is the
transmission function, which describes the percentage of the particle mass remaining
from removal processes (see Stohl et al.,, 2005 and Seibert and Frank, 2004 for a
more complete description of these terms). The mass mixing ratio is calculated by
first dividing the concentration by the local air density (from the meteorological data) to
obtain the mass mixing ratio. The volume term from the concentration cancels with the
volume term from the local air density, leaving the mass of air in the cell (m; ;) and
the summation of the mass of the particles in the cell. The volume mixing ratio (y) is
obtained by multiplying this value by the ratio of the molecular mass of air (M,;,), to that
of the tracer being modeled (M;,), giving the volume mixing ratio:

A”mr) ( 1 )
It (Mtr mj, air ;j St

Mixing ratios are saved at each time for each grid cell in the model domain, giving a
3-dimensional matrix (y;) of the volume mixing ratios for all j (i.e., each x, y, and z
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2.1.2 Standard output from the backward mode

In the backward mode, particles are initiated in a single receptor volume (') over a
short interval (', the arrival time) and transported backward in time by reversing the
direction of the mean wind. The mass of each particle is normalized by the total mass
released in the receptor (m,;), giving each particle units of mixing ratio, such that each
particle represents one part of the air in the receptor at the release (i.e., arrival) time
and the distribution of the particles indicate the location of the receptor air at each
upwind time. The backward output is gridded by summing these mixing ratios in each
cell, giving the sensitivity (S) of the receptor to the mass present in the upwind cell:
m; .
Sit = Z L'Pj,t'fj, (3)

m
Vj tot

Again, the output is saved at each time for each grid cell, giving a 3-dimensional matrix
(St (1)) of the sensitivity for all /. The output of the backward mode is referred to as
the sensitivity plume, or the retroplume.

2.1.3 The folded retroplume — combining model output to determine the source-to-
receptor transport pathway

The folded retroplume at time t is the Hadamard (or entry-wise) product of the mixing
ratio matrix (¥;) from the forward mode and the sensitivity matrix (S; ; v)) from the
backward mode. In terms of an individual cell, the mixing ratio (Eq. 2) indicates the
amount of emitted tracer in the given cell, and the sensitivity (Eq. 3) indicates the
amount of air in the cell that will be transported to the receptor. By multiplying the two
values, we can determine the amount of the tracer in the cell that will eventually arrive
at the receptor (/') at the arrival time (¢'). Note the units for this operation. We begin
with the volume mixing ratio, with units of parts of tracer per parts of air in the cell.
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This is multiplied by the sensitivity, with the units of parts of air in the cell per parts of
air in the receptor. The resulting product calculated for a specific cell j has units of
volume mixing ratio, and indicates the portion of the mixing ratio in the receptor at ¢
(the sensitivity plume arrival time) resulting from the transport of tracer through cell j
at time t. That is, the units are parts of tracer in the cell per part of air at the receptor.
As this mixing ratio results from only a part of the sensitivity field (the individual upwind
cell considered here), we call the product the partial mixing ratio (PMR):

PMR; ¢ (. 0y=5) ..oy Xt 4)

where t is the model time. The PMR will clearly be small or zero when there is either
little tracer in a cell or small sensitivity. Conversely, if there is a significant amount of
tracer in a cell and a large sensitivity, then the PMR will also be large, indicating the
location of tracer that travels from the source to the receptor. The 3-dimensional matrix
PMR,  v) indicates the distribution at time ¢ of the tracer that will ultimately arrive at
the receptor at time t', while the matrix PMR;;  at multiple times shows the transport
pathway of the tracer between the source and receptor.

Up to this point, we have only considered a puff of emissions in the forward model,
which is not the typical model situation. Normally, emissions are continuously released
into the forward simulation and each particle is carried in the model for a set number of
days and then dropped. Thus, the mixing ratio from the forward model (¥; ;) consists of
particles released over a range of times and can be divided into age classes, according
to the length of time the particles have been in the model (the age of the particles). If the
age of the tracer is not taken into account when computing the PMR then the folded
retroplume calculation will include particles that would be dropped from the forward
simulation before they would be transported to the receptor. To avoid this, the age of
forward model tracer in Eq. (4) (¥; ;) must be less than the time difference between
the release time in the backward model (that is, the arrival time) and the sample time
(t). If we have a forward simulation that carries particles for A; days and a backward
simulation with an arrival time of t’, then the PMR at some intermediate time (¢) should
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be:
Ai=(t'-t)
PMR/ L, 1")—S VRO z X/ ti- (5)

where / indicates the available age classes in days from the forward model.

The PMRs at any upwind time may be summed over the model domain to determine
the mixing ratio from all (appropriately aged) emissions that are present in the model
at the sample time. If no more emissions are added to the atmosphere between the
sample and arrival time, then this sum would be equal to the mixing ratio in the receptor
(/') at the arrival time (t'). Thus, we call this sum the upwind mixing ratio (UMR):

UMRT,(j',f’)z z PMRj,t,(j',t')' (6)
J

The UMR is equivalent to a sensitivity-weighted average of the upwind mixing ratio field

and can increase or decrease, depending on the relative rates of emission and removal

processes. For example, if emissions are added to the atmosphere between time steps

and no removal processes are considered, the change in the UMR from time ¢ to t+1
should be

UMRy.1 0y =UMRy o 9+ D S ovEj e ()
J

where E; ; are the emissions released into the model at time ¢t and 3 ;S; ; (i 1E; ¢

are the so called source contributions (Stohl et al., 2003). However, if no removal

processes are considered and if no emissions are added to the atmosphere after time

t (or if no emissions are added in areas with sensitivity — the region where the plume

is located), then the UMR should remain constant.

The UMRs therefore provide a means to evaluate the evolution of the mixing ratio
of the receptor air during transport. For instance, the timing and location of wet re-
moval could be determined by comparing the UMRs from two folded retroplumes, one
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computed from forward and backward simulations with no wet removal and one com-
puted from forward and backward simulations that includes wet removal. Section 5
will discuss other potential applications using the UMRs derived from folding a back-
ward simulation with mixing ratio fields from alternate sources (e.g., from a chemical
transport model).

2.2 lllustrative case

Here we present the application of our method to a simple case in order to illustrate
the folded retroplume. The case is based on a puff of CO emissions released into the
forward model from the Boston area, into the box bounded by 41—43°N latitude and
73-75° W longitude, from the surface up to a height of 250 ma.s.l. Emissions were
released over a 1-h period, from 15:00-16:00 UTC on 14 May 2005 and were based
on the EDGAR Fast Track 1999 inventory (Olivier et al., 1996). The backward simu-
lation was initiated at the Pico Mountain observatory, located on the Azores Islands in
the central north Atlantic Ocean, into the box bounded by 38.5-39.0° N latitude 28.5—
28.0° W longitude, from an altitude of 2000-2250 ma.s.l. Particles for the backward
simulation were also released over a 1-h period from 00:30-01:30UTC on 10 May
2005.

FLEXPART version 6.2 was used, driven with data from the European Centre for
Medium Range Weather Forecasts (ECMWF) (ECMWF, 2005) with 1° by 1° horizon-
tal resolution, 60 vertical levels and a temporal resolution of 3 h, using meteorological
analyses at 00:00, 06:00, 12:00 and 18:00 UTC and ECMWF 3-h forecasts at inter-
mediate times (03:00, 09:00, 15:00 and 21:00 UTC). The output was saved with a grid
size of 0.5°x0.5° in the horizontal and 250 m in the vertical, from 0—7000 ma.s.l. The
sampling kernel was turned off and instantaneous fields were saved (see Sect. 3.3 for
a description of these model settings and more details on their impact on the folded
retroplume). 75000 particles were used for the forward simulation and 2500 particles
were used for the backward simulation, resulting in a total of 670 forward particles and
634 backward particles that successfully travel between the source and receptor cells.
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Figure 1a and b shows the horizontal and vertical distribution of the CO plume
1.5days after the forward-model puff release. Figure 1c and d shows the horizontal
and vertical distribution of the sensitivity plume 4 days upwind of the release at the re-
ceptor (and at the same time as shown in Fig. 1a and b). (Note that throughout the
paper, that the terms CO plume and sensitivity plume refer explicitely to the forward
and backward model simulations, respectively.) Figure 1e and f shows the horizontal
and vertical views of the folded retroplume, derived from folding the mixing ratio and
sensitivity fields shown in a—d, along with the contours showing the limits of the for-
ward (blue) and backward (magenta) plumes from panels a—d. Note that throughout
the paper we color any product derived from the forward model blue, from the backward
model red and magenta, and from the folded retroplume green.

The folded retroplume clearly indicates the portions of the two plumes that success-
fully travel between the source and receptor. The folded retroplume also indicates
the relative concentrations of the receptor-bound tracer. A comparison of the folded
retroplume with the forward CO and backward sensitivity contours shows that simply
superimposing the forward and backward plumes can be misleading. In this case, the
overlap of the two contour lines roughly define the folded retroplume in the vertical view
(f). However, this is not the case for the horizontal view (e), as the folded retroplume
only occupies a portion of the overlapping contours. This apparent inconsistency is the
result of viewing vertically integrated fields. The tracer plume and sensitivity field, while
in the same vertical plane, are not actually colocated vertically. In Sect. 4, we provide
an expanded comparison of the folded retroplume with the standard LPDM products in
a sample analysis.
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3 Method evaluation
3.1 Approach and methods for the detailed evaluation

The primary purpose of the evaluation is to determine how well the folded retroplume
reconstructs the pathway of emissions from the source to the receptor. Here, we use
particle trajectories from the LPDM model runs to evaluate the accuracy of the folded
retroplume pathway. The secondary purpose of the evaluation is to examine the behav-
ior of the UMRs along the transport pathway. As discussed above, the UMRs should
be constant if no emissions are added to the forward model. Deviations in the UMRs,
which indicate disagreement between the transport described by the forward and back-
ward models, will also be investigated using particle trajectories. Some degree of
disagreement is expected, as a result of the random components in the models (turbu-
lence and convection). Finally, we will relate the behavior of the UMRs to the accuracy
of the folded retroplume pathway.

This evaluation used the same model simulations presented in Sect. 2.2, which focus
on the transport of anthropogenic CO emissions from a source region near Boston, MA
on the US east coast to a receptor cell located around the Pico Mountain observatory
in the Azores Islands in the central North Atlantic. The two are located approximately
3620 km from each other and the transport time from source to receptor was 5.5 days.
This transport time and distance should be sufficient to allow for any deviations from the
expected pathway and UMR to become apparent. While the source region was chosen
arbitrarily, the timing of the transport scenario were selected by first running a forward
simulation with continuous emissions, from April to June 2005. We then selected one
of the periods with the largest CO mixing ratio in the receptor cell for further inspection,
with no prior knowledge of the transport scenario.

In this evaluation, we will discuss two types of particles, termed positive particles
and negative particles, based on whether or not they travel from the source to receptor
over the period analyzed. From the forward simulation, positive particles are the tracer
particles that arrive in the receptor cell during the release of the backward plume.
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From the backward simulation, positive particles are the sensitivity particles that arrive
in the source cell at the release time for the forward simulation. Negative particles are
all other particles, which includes particles that do not travel from the source to the
receptor as well as particles that successfully travel between the source and receptor
cells, but not within the time frame of interest.

Note that at most times and locations, there will be both positive and negative par-
ticles from both model directions. Since dispersion causes increasing separation over
time between particles that are initially near one another, the amount of dispersion a
plume has experienced affects the relative number of concurrent positive and negative
particles. As the two plumes are tracked toward the receptor, the forward plume will
disperse and the backward plume will coalesce. Thus, near the source and close to the
release time, many negative forward particles should be located along with positive for-
ward particles, as the forward tracer plume has experienced relatively little dispersion.
In contrast, near the receptor and release time, only a few negative forward particles
should be colocated with the positive forward particles, as the forward tracer plume
should be highly dispersed. For the backward simulation, there should be few concur-
rent positive and negative backward particles near the source and many concurrent
positive and negative particles near the receptor. No cell should ever contain only neg-
ative particles from both model directions, nor should positive particles from one model
direction be located in a cell without positive particles from the other model direction.
These two situations indicate differences in the transport described by the two model
simulations, which is expected to some degree due to the random model components.

3.2 Detailed evaluation results
3.2.1 Detailed evaluation of the folded retroplume pathway

The time integrated results from the forward and backward simulations used for the
evaluation are shown in Fig. 2. Figure 2a, which shows the vertically integrated plots of
the CO concentration field, indicates that the bulk of the CO emissions are transported
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northward. These emissions move out of the plot window; later, however, some of these
emissions travel southward, toward the receptor (present as the dark plume stretching
south-east from the northern edge of the plot window). A significant portion of the CO
plume also moves east and southeast, stretching from the US east coast, across the
Atlantic, to the receptor. Figure 2b, which shows the horizontally integrated plots of
the CO concentration field, indicates that the bulk of the CO is transported to higher
altitudes during the first few days, though CO is distributed throughout all levels of
the atmosphere during the last 3 days of transport. The vertically integrated (Fig. 2c)
and horizontally integrated (Fig. 2d) views of the sensitivity plume indicate a number
of pathways (i.e., areas of sensitivity) for air traveling to the receptor. The regions
of highest sensitivity are in a fairly compact pathway starting from just off the east
coast of Nova Scotia, where the air converged, coming equally from the north and
the south (from the emissions region). There is a secondary region of sensitivity that
also originates near the source region and travels over the Atlantic slightly farther south
than the primary sensitivity region, converging with the primary transport pathway west-
southwest of the receptor.

Near the receptor, the horizontal transport pathway of the emissions can be guessed
from Fig. 2 by comparing the sensitivity with the CO concentrations, as there is only
a small region of overlap of the sensitivity (Fig. 2c) and CO fields (Fig. 2a). However,
near the source and in the intermediate transport, over the Atlantic, the pathway that
emissions travel to the receptor is unclear from these plots alone. Both the CO and
sensitivity occupy a large area, both horizontally and vertically. Thus, even for this
simplified case, with only a puff of emissions into the forward model, determining the
exact pathway (or pathways) taken by the emissions as they travel to the receptor is
not possible from viewing the vertical and horizontal integrated plots alone. Thus, one
would need to view snapshots (i.e., the distribution of the plume at a single time, as
opposed to the time-integrated view shown in the figure) of the two plumes. However,
as was shown in Sect. 2.2 and in Fig. 1, which used the same model simulations, diag-
nosing the correct transport pathway can be difficult or impossible even when viewing
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snhapshots of the simulations.

In contrast to the standard output from the LPDM, the particle trajectories and the
folded retroplume offer a clear view of the transport pathway between source and re-
ceptor. Figure 3 shows the vertical (a and c¢) and horizontal (b and d) views of the pos-
itive particles from the forward (a and b) and backward (¢ and d) model simulations.
Figure 3e and f shows the vertical and horizontal views, respectively, of the folded
retroplume pathway obtained from folding the two model simulations using Eq. (5).

In terms of the core transport pathway described by the three products, there was
good overall agreement in both the horizontal and vertical pathways. All indicated loft-
ing of emissions to 1-2km in a daytime BL during the first few hours of transport. The
emissions remained at this altitude, after the transition from a deeper continental day-
time BL to a shallow nighttime marine BL left them located in the FT. Once in the FT,
the emissions experienced slower ascent to about 3 km for approximately 1 day, where
they remained for another day. Finally, during the last 2 days of transport, the emissions
experienced a gradual descent from 3km to the receptor at 2-2.25 km. The horizontal
pathway shows that the emissions traveled northward along the coast to Nova Sco-
tia, then traveled southeast before heading northeast again, toward the receptor. The
common transport described by all three products indicates that the folded retroplume
successfully identifies the large-scale transport pathway between the source and re-
ceptor.

A comparison of the positive particle and folded retroplume pathways reveals three
interesting features outside of the core transport pathway. Two of these features are re-
gions where, due to the random components of the model, the pathways of the forward
and backward positive particles differ. One such situation occurs during the initial day
of transport (15-16 May) during the ascent from 1 km to 3km (above the core trans-
port pathway shown in panels b and d). The forward and backward maximum particle
locations indicated in panel f encompass this region, indicating it is part of the source-
to-receptor transport pathway. However, the smaller number of particle trajectories
indicate that the probability of transport though this region is very low. The folded retro-
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plume correctly identifies this low-probability region with a fairly small PMR, colored
with darker greens and black. The second region where there is a difference between
the forward and backward particle trajectories occurs during the last half of 16 May,
where two forward positive particles stray below the core transport region (panel b).
The absence of positive particles from both model directions indicates that this region
is not part of the source-to-receptor transport pathway, which is correctly indicated by
the folded retroplume, as there is a PMR of zero (i.e., white cells) in this region. The
third feature is the presence of a few cells with a non-zero PMR that are entirely outside
the limits the positive particle pathway (i.e., a false positive PMR). These cells are all
adjacent to the positive particle pathway and contain only a small PMR (generally less
than 1% of the maximum PMR and roughly 1% of the UMR). Considering the relative
scales of transport to the size of a grid cell and the small fraction of the UMR contained
in these cells, these errors are relatively unimportant in terms of analyzing the trans-
port pathway. Thus, based on this evaluation, we conclude that the folded retroplume
accurately identifies the source-to-receptor pathway.

3.2.2 Detailed evaluation of the UMRs

The UMRs are another important component of the folded retroplume as they can
be used to estimate the timing and rate of emissions into or removal of tracer from
the plume. The behavior of the UMRs can also be used to determine the degree
of agreement in the transport as described by the forward and backward model. As
discussed above, the UMR should be constant if no emissions are added to the model
between time steps. Since we use a puff of emissions for this evaluation, the UMR
should be constant at all times between release and arrival at the receptor. Thus,
deviations from the expected UMR indicate when there are differences in the transport
described by the forward and backward model simulations.

Figure 4 shows the UMRs at each upwind time for the folded retroplume. The left-
hand axis indicates the absolute UMRs (pptv CO), and the right-hand axis indicates
the UMRs normalized by dividing by the last UMR before arrival. (Any of the UMRs
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could have been used for normalization, but we chose this value because there has
been little deformation of the air mass between the sample time and the arrival time
in the receptor due to the calm meteorological scenario. As a result, it should closely
represent the UMR that would be calculated if the forward simulation could be sampled
while in the receptor cell.)

There are clearly significant variations in the UMR values, approximately 35% in the
negative direction and a little more than 45% in the positive direction. In order to de-
termine the specific causes for these deviations, we conducted detailed inspections of
the CO concentrations, sensitivity, and PMR fields and the distributions of the positive
and negative particles in the vicinity of the positive particles at several times, marked
by the dashed vertical lines in Fig. 4.

We found that underestimates of the UMR result from minor displacements (less than
the size of a grid cell) between the groups of forward and backward positive particles,
specifically in regions with a high mixing ratio or sensitivity gradient. For the transport
scenario examined here, the forward CO plume near the receptor (time period 4 in
Fig. 4) is a thin filament, on the order of 2-4 grid cells wide, and the positive forward
particles are at the edge of this filament of CO (only the part of the CO plume that
contains positive particles actually passes through the receptor cell). Thus, when the
positive backward particles are displaced slightly from the positive forward particles,
they are in a region with little or no CO, resulting in a PMR of or near zero in those cells
and a negative bias in the calculated UMR. A similar case can be found in period 3.

Around period 2, the roles of the sensitivity and CO plume begin to change. Around
this time, the sensitivity plume splits (as it is followed backward in time), with one portion
heading northeast and another portion (which contains the positive particles) heading
southwest, towards the receptor. Meanwhile, the CO plume (as it is tracked forward in
time) is also in the process of splitting in two. One portion is the filament that eventually
travels to the receptor, and the other is the larger portion that travels northeast from
the source. The positive forward and backward particles were still slightly displaced
from one another. However, they were no longer located at the edge of their respective
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plumes, and thus no longer in a region of a high sensitivity or CO gradient. As a result
of these conditions, the UMRs around this time are closer to the expected value.

Closer to the source region, however, a different situation results in UMRs with a
positive bias. First, there is again a large CO gradient (as in the other periods). How-
ever, now there is a relatively large concentration of negative forward particles in these
cells, because the plume has not dispersed much yet. Second, the sensitivity plume
was more dispersed. The positive backward particles reside in more cells and are dis-
tributed more uniformly than the positive forward particles. As a result of the these two
factors, the positive backward particles are located in cells with a large number of neg-
ative forward particles. The sensitivity plume is therefore combined with significantly
higher CO, resulting in a higher UMR. As tracer will be ubiquitous very near source
regions in most model scenarios, this situation may occur frequently when UMRs are
calculated close to the source region.

3.3 The impact of various model settings on the folded retroplume

Many model settings can affect how well transport is described, affecting the correlation
between model simulations. Additionally, the way in which the output is saved can affect
the number of positive and negative particles that are identified as being colocated. As
the evaluation above demonstrated, these factors can in turn significantly affect the
folded retroplume results. We have evaluated the impact of the model settings listed
in Table 1 upon the folded retroplume pathway and UMRs. We used the same release
scenarios used in the evaluation, with every possible combination of the settings in
Table 1 (144 simulations in total) in order to assess the impact of each model setting on
the resulting folded retroplume pathway and UMRs. By running all possible groupings
for these settings, we are able to evaluate the impact of changing one setting across
all other possible settings. The model settings that were identified as the best settings
(i.e., produced the most accurate pathway and UMRs) were used in the evaluation
presented above. Here, we discuss the degree to which use of other model settings
changed the evaluation results.
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3.3.1 Folded retroplume pathway

Across all the model settings, the folded retroplume pathway was qualitatively similar
to the results presented in the evaluation above. Larger output grid sizes naturally
increased the size of the folded retroplume pathway, as the cells on the edge of the
pathway were larger. The use of averaged output produced a ghosting effect, which is
the superposition of negative particles that are located in the same cell but at different
times during the averaging period. Thus, when averaged output was used, the folded
retroplume pathway tended to be larger, as the occurrence of false positive PMRs along
the edge of the transport pathway increased. Despite these two issues, the resultant
folded retroplume pathway correctly identified the core transport pathway taken by the
positive particle for all settings.

3.3.2 Folded retroplume UMRs

The general behavior of the UMRs were similar to those shown in Fig. 4: lower near the
receptor, highly variable from 1 to 2 days upwind, relatively flat from 3 to 4 days upwind,
and very high at 5days upwind, near the receptor. The higher positive bias in the
UMR near the source region was present in all scenarios, indicating that no particular
setting can help resolve this issue. This is not surprising, given the cause of this issue
discussed in Sect. 3.2.2. The absolute value of the UMRs varied significantly with
changes in the spatial size of the output grid, the frequency of output, and the use of
average or instantaneous output, each of which we discuss further below. However, the
other three model settings (the number of particles, the sampling kernel, and the model
time steps, ifine and ctl) had little impact on the UMRs, and will not be discussed in
detail. The number of particles were chosen so that forward and backward simulations
both had roughly 30 or 300 positive particles for the small and large number of total
particle sets, respectively. The lower number of particles was sufficient to return an
accurate folded retroplume, which bodes well for future use of the method, as a lower
number of particles can significantly decrease the computational time necessary for
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the forward simulations.
3.3.3 Spatial grid sizes

The size of the spatial grids can affect how positive and negative particles are asso-
ciated with one another. A larger grid cell can either increase or decrease the UMR,
depending on the circumstances. For example, consider a cell that extends vertically
into the FT, where the pollution plume that would reach the receptor was traveling above
the BL. This would result in all the positive forward and backward particles residing in
only the top half of the cell. If this cell were over an emissions source, then the lower
portion of the cell would have a large number of negative forward particles, released
from the surface source. The use of this single cell would result in a significant over-
estimate of the PMR, since the forward particles in the BL would be included in the
calculation. However, if this cell were not over an emissions source and the bottom half
of the cell had no forward particles, the result would be an underestimate of the PMR
in this cell, as the larger cell would dilute the mass of the positive particles over a larger
region, giving a smaller mixing ratio, without affecting the sensitivity. In our analysis,
the resulting UMRs either stayed the same or decreased by 5—-10% at each increase in
the grid cell size, though the decrease in the UMRs was more pronounced as the grid
cell size was increased from 1° to 2°. Therefore, we recommend use of the smallest
grid size feasible, or 1°x1°,

3.3.4 Averaged or instantaneous values

The folding method we propose depends on the colocation in both time and space of
positive particles in order to successfully identify cells that contain tracer that will travel
between the source and receptor. As noted in Sect. 3.3.1, averaging produced a ghost-
ing effect and produced false positive PMRs, which tended to give the UMR a positive
bias. This ghosting effect also produced a positive bias in PMRs within the folded
retroplume pathway, when, over the course of the averaging period, an output grid cell

18862

ACPD
8, 18843-18891, 2008

Lagrangian plume
tracking

R. C. Owen and
R. E. Honrath

: “““ “““


http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/8/18843/2008/acpd-8-18843-2008-print.pdf
http://www.atmos-chem-phys-discuss.net/8/18843/2008/acpd-8-18843-2008-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

spans a region that includes both the plume of interest (positive forward particles) and
forward-model CO that does not ultimately reach the receptor (negative forward parti-
cles). For example, this could occur when a sensitivity plume was located along the
edge of the CO plume. The ghosting effect could cause the sensitivity plume to sample
portions of the center of the CO plume, resulting in higher UMRs. The UMRs calculated
from averaged output were 50—100% higher than those calculated from instantaneous
fields at all times. As a result of these findings, we recommend instantaneous fields
over averaged fields for a folded retroplume.

3.3.5 Output time step and length of averaging period

FLEXPART allows the user to use an averaging period shorter than the output time
step. Here we set the length timespan of the averaging period to match the out-
put time stamp. When instantaneous output is used, these settings do not affect the
UMRs. However, when averaged output is used, longer averaging periods can increase
the likelihood that the ghosting effect described above can occur. The results of our
analysis showed that the UMRs increased significantly as the length of the averaging
period increased, with the UMRs roughly doubling at all times at each time interval
increase. At the shortest averaging period of 1 h, however, the averaged and instan-
taneous UMRs differed only slightly. Thus, if averaged fields are to be used, a short
averaging period (e.g., less than or equal to 1 h) are preferred.

3.4 Summary of evaluation

The transport pathway evaluation indicates that the folded retroplume does a good job
of restoring the source-to-receptor transport pathway and that this pathway is quite
robust over a variety of model settings. The UMR evaluation, however, indicates that
large gradients in either the tracer or sensitivity field combined with minor differences
in transport can significantly impact the UMRs. We also found that the ubiquitous
nature of tracer in the source region and a well-dispersed sensitivity plume can lead
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to positive deviations in the UMRs. The use of averaged fields, larger grid sizes, and
a longer averaging period for the output can significantly degrade the accuracy of the
UMRs, mostly resulting in a positive bias.

One important result from the evaluation is that significant deviations in the UMRs
did not correlate with significant differences between the folded retroplume and positive
particle transport pathways. The situation that led to low UMRs resulted from smaller
PMRs, which generally scaled across all the cells, such that the core transport and
fringe cells were still correctly identified as high and low probability transport regions,
respectively. Similarly, the larger CO mixing ratios and high gradients in the source
region that resulted in high UMRs were the result of higher PMRs that scaled across
all cells and high and low probability transport regions were again correctly identified.
As a result, the folded retroplume pathway appears to be a robust product, even when
differences in transport between the forward and backward model are indicated by
variations in the UMRs.

4 Sample application

In this section, we present a sample analysis which contrasts the folded retroplume
method with traditional methods using only standard LPDM products. The analysis will
serve to provide an example of the advantages of the folded retroplume method over
traditional LPDM analysis methods. The sample analysis will again focus on the trans-
port of US emissions to the Pico Mountain observatory, examining the transport sce-
nario for an event observed at the Pico Mountain observatory from 21-23 April 2005.
During the event, CO mixing ratios ranged from 120-180 ppbv, approximately 30—
90 ppbv above the typical springtime background at the station, while FLEXPART indi-
cated enhancements of 20-50 ppbv of CO. Ozone, nitrogen oxides, and non-methane
hydrocarbons were also elevated during this period. The event is the second of two
events discussed by Honrath et al. (2008).

As with the evaluation simulations, we use FLEXPART version 6.2, driven with
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ECMWF meteorological data, with North American CO emissions based on the
EDGAR inventory (see Sect. 3.1 for more details). For the sample analysis, we chose
settings that are fairly typical of FLEXPART applications, even though they deviated
somewhat from the recommendation above, especially in terms of the averaging pe-
riod used. CO emissions were released continuously over North America into the
lowest 300 m of the atmosphere and carried in the model for 20 days. Particles for
the backward simulation were released over a 1-h period, centered on 21:00 UTC on
21 April, into a box bounded by 38-39° N latitude 29-28° W longitude, from an altitude
of 2000-2500 m a.s.l. The output was saved on a 1°x1° grid, with the top of the output
levels at 0.3, 1, 1.5, 2, 2.5, 3, 4, 5, 7.5, 10, and 15km. 6-h averages were saved and
the sampling kernel was used. Particle trajectories from the backward model simula-
tion were also saved, which were used to confirm that the folded retroplume correctly
captured the transport pathway of emissions between the source and receptor during
the last 8 days of transport.

4.1 Comparison of the folded retroplume pathway with standard LPDM products

The sensitivity plume (Fig. 5a and c) shows fairly well organized transport, originating
over the US west coast about 7 days upwind. It also shows some sensitivity over a
secondary region in the central US, from Texas to the Great Lakes. Since the age of
this secondary region is not apparent, snapshots of the sensitivity would be needed
to determine its age. The vertical view shows that the sensitivity plume was in the
lower levels of the atmosphere, where it would be able to pick up emissions if they
were present, from about 6.5 to 4days upwind. At 4days upwind, the bulk of the
sensitivity plume experienced relatively rapid uplift to the lower FT, where it stayed until
arrival at the observatory. Thus, from these views of the sensitivity plume, one would
conclude that the bulk of emissions would be have been picked up during the leg of
transport from the US west coast to central, northern US (i.e., between the 6 and 4
in Fig. 5a). A map of the source contributions (i.e., Z/ S; t.( yE;j+ from Eq. 7, not

j
shown) would show the true sources, primarily the central US and only partly from the
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US west coast. However, tracking the emissions once away from the primary source
region would be difficult due to the low sensitivity between this region and the compact
transport pathway that occurs starting from approximately 2.5 days upwind.

In contrast to the sensitivity plume, the transport leg from the west coast almost
disappears in the folded retroplume (Fig. 5b), indicating this transport pathway actually
carries only a small amount of tracer. The folded retroplume shows that the emissions
travel slowly northward in the lower atmosphere from upwind day 7 to 2. At 2days
upwind, all of the emissions were transported out of the BL to the lower FT, significantly
later than indicated by the sensitivity plume. During the last 2days of transport, the
folded retroplume and sensitivity plume indicate virtually identical transport, which is
not surprising since the sensitivity plume first indicated significant dispersion between
2 and 3 days upwind.

In order to examine the causes for these differences and to further demonstrate the
utility of the folded retroplume, in Fig. 6 we show snapshots of the sensitivity plume
(left column) and the folded retroplume (right column) plotted with contours of the total
column CO from the forward simulation (blue lines). Snapshots are shown for 7 (a and
b), 5(c and d), 4 (e and f), and 3 (g and h) days upwind. For consistency among these
plots, we have used the maximum sensitivity and PMR from all 4 plots for the color
scale maximum.

We have selected contour levels and color scales for Fig. 6 that approximate typical
usage for the CO and sensitivity plumes (e.g., Trickl et al., 2003), as some arbitrary
selection of these settings was required. In some cases, it may be possible to adjust
the contour levels and color scales such that features that were originally not apparent
become visible. Often, however, this would result in confounding other areas of the
figure. Additionally, adjusting these settings for each snapshot and product is not a
realistic analysis approach and quite often would require the analyst to have a prior
knowledge of the feature they are trying to identify (e.g., the folded retroplume or par-
ticle trajectories). Thus, it is reasonable to assume that the features identified by the
folded retroplume but not the standard products, as presented here, would indeed be
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missed by most analyses.

At 7 days upwind (Fig. 6a and b), there are significant differences between the sen-
sitivity plume and the folded retroplume. The region of sensitivity over the western US
and eastern Pacific (Fig. 6a) completely disappears in the folded retroplume (Fig. 6b),
while the region of sensitivity over the central US is emphasized, with relatively large
PMRs. Considering the overlap of the sensitivity plume over the central US with the
CO contours, the lack of CO in the western lobe of the sensitivity field, and the alti-
tude of the primary portion of the sensitivity plume (Fig. 5), this result is not surprising.
However, it serves to demonstrate the cause for differences between the sensitivity
plume and the folded retroplume. The emphasized area over the central US with large
PMRs, however, is considerably larger than the area indicated by the sensitivity plume
and extends to regions with relatively low forward CO levels (i.e., it extends beyond the
area enclosed by the CO contours).

At 5days upwind (Fig. 6¢c and d), there remain significant differences between the
sensitivity plume and the folded retroplume. The eastern lobe of the sensitivity plume
has grown larger. The western lobe of the sensitivity plume now shows up in the folded
retroplume, as it has picked up some emissions over the western US. In the absence
of selectively picking contours and color scales, it would be impossible to identify the
western lobe, as the sensitivity plume and selected CO contours do not overlap.

By 4 days upwind (Fig. 6e and f), the primary eastern and secondary western lobes
of the sensitivity plume and PMR fields have merged. A significant portion of the folded
retroplume now outside the CO contours. (That is, this feature would be missed us-
ing the standard products show in panel e or by using superimposed contours of the
sensitivity plume and forward output alone, like those shown in Fig. 1. A minimum CO
contour level of 1% of the maximum would be required to indicate that the sensitivity
plume and CO fields overlap. However, if this level were used for all the plots, then
the sensitivity plume and CO contours completely overlap at all upwind times shown
in Fig. 6, which would incorrectly indicate that all of the sensitivity plume carried emis-
sions.)
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By 3 days upwind (Fig. 6g and h), the two lobes have almost completely coalesced
and the outline of the folded retroplume and sensitivity plume are fairly similar, though
the colors indicate the distribution of tracer within the plume is still quite different than
the distribution of the sensitivity field. The folded retroplume and sensitivity plume
are virtually identical during the final 2days of transport (shown in Fig. 5), which is
expected, as the sensitivity plume was very narrow during this period.

4.2 Folded retroplume UMRs

The UMR distribution, shown in Fig. 7 (thick, green solid line marked with diamonds),
can be used to identify details about the addition of emissions to the plume. Increasing
UMRs indicate the time periods when emissions were being added to the plume. The
slope of the UMR line during this period indicates the rate at which emissions were
added. Finally, constant UMRs indicate periods when the sensitivity plume was not lo-
cated over a source regions. (Note that if removal processes were included, decreases
in the UMR would identify times during which removal occurred, though the interpreta-
tion of changes in the UMR would be complicated by the competition between emission
and removal.)

The distribution of the CO mixing ratio age classes in the receptor, which can be
derived from the forward model (blue line in Fig. 7) and from the backward model
(by folding the sensitivity plume with the emissions inventory, magenta line in Fig. 7),
provide another means to determine the details about the timing and rate of the addition
of emissions to the plume. Therefore, a comparison of these distributions with the
UMRs can help evaluate how well the UMRs accomplish this task by differentiating
between changes in the UMRSs that result from differences in transport and those that
result from emissions (and/or removal, were it used). Since the folded retroplume
samples the forward simulation, the UMR at t days upwind should equal the sum of the
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CO mixing ratio age classes from the forward model that are greater than t days old:
Af

UMR/~ > 1t (i), i (8)
i=t

where Ay is the number of days the tracer is carried in the forward model, x; (; ; is

the CO mixing ratio of age / (in days) in the receptor cell ('), and the sum is over all

available CO mixing ratio age classes in the cell.

The relatively small change in the UMRs and CO distributions from 0 ppbv to about
5 ppbv during 20 to 10days upwind indicates that, during this time, the majority of the
plume was not over an emissions region. From 10 to 4 days upwind, however, the
UMR (green) and sensitivity-derived CO (magenta) increased by about 17 ppbv and
the forward CO increased by about 20 ppbv (about 62% and 72% of the final UMR,
respectively). This increase indicates that this is the time period when the plume was
over the emission region and CO was actively being added to the plume. Between 9
and 4 days upwind, the emission rate was fairly constant, at about 2 ppbv/day accord-
ing to the UMRs. During the last 3days of transport, however, CO distributions are
relatively flat, indicating the plume was no longer in the emissions region, in agree-
ment with the location of the folded retroplume shown in Figs. 5 and 6. The UMRs are
also relatively flat between days 3 and 2, closely following the sensitivity-derived CO
distribution. Between days 2 and 1, however, the UMRs increase significantly, com-
ing closer to the forward CO distribution, and are flat again, following the CO from the
forward simulation during the last day of transport.

In order to understand the differences between the UMRs and the forward CO mix-
ing ratio distribution (23—24% from upwind day 7 to 2), we conducted an inspection
of the CO plume, folded retroplume, sensitivity plume, and positive particles from the
sensitivity plume during during days 2—7 (not shown). This inspection revealed several
features that, together, explain these low UMRs. First, the positive particles were not
colocated with the areas with the maximum PMR, indicating minor differences in the
transport between the forward and backward model simulations. Second, the gradient

18869

ACPD
8, 18843-18891, 2008

Lagrangian plume
tracking

R. C. Owen and
R. E. Honrath

: “““ “““


http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/8/18843/2008/acpd-8-18843-2008-print.pdf
http://www.atmos-chem-phys-discuss.net/8/18843/2008/acpd-8-18843-2008-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

in the forward CO mixing ratio is fairly large over the area covered by the folded retro-
plume (a change of about 40% in the horizontal direction and about 85% in the vertical
direction). The evaluation in Sect. 3 showed that in situations like this, with a large
gradient in either the sensitivity or tracer plume, the UMRs can be sensitive to minor
displacements in the positive particle locations.

The magnitude of the deviations of the UMR can be put into perspective by consider-
ing the magnitude of the disagreement between the forward CO mixing ratio age class
distribution (blue line in Fig. 7) and distribution derived from folding the sensitivity with
the emissions inventory (magenta line in Fig. 7). The differences between the forward
(blue) and backward (magenta) derived CO distributions is partially the result of the
differences in transport described by the two model simulations (and partially the result
of differences in the number of particles used). Seibert and Frank (2004) showed that
even with a short travel distance, the difference between the two can be in excess of
10%. The difference between the CO derived from the forward output and backward
output convolved with the emissions inventory is not abnormal for FLEXPART, based
on our own comparison of the two. (Our analysis consisted of a comparison of the total
CO mixing ratio obtained from the forward model to the CO mixing ratio obtained from
simulations of backward model, initiated at the Pico Mountain observatory, convolved
with the emissions inventory. The comparison included approximately 6000 CO mixing
ratios, covering 2 years worth of data.) The UMRs are in fact bounded by the forward
and backward CO distributions, which are derived from established modeling methods.
This suggests that the deviations in the UMR during these times are reasonable.

Archiving the full spectrum of forward tracer age classes can require a significant
amount of storage space. For the example presented here, we saved CO age classes
at a 6-h resolution for the whole Northern Hemisphere in order to appropriately match
sensitivity and CO mixing ratios (the 1 month simulation required 15.5 GB of storage).
As a result, it is preferable for storage reasons to save only the total CO mixing ratio.
To evaluate the effect that this would have on the UMR results, we have included the
UMRs resulting from PMRs calculated by folding the sensitivity plume with all available
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CO mixing ratio age classes. Thus, Eq. (5) becomes

Ar
PMR; (=S, + (1, 1y z Xjti- (9)
i=0

These UMRs are shown in Fig. 7 (thin, gray dashed line marked with asterisks).
They match the other UMRs quite well during the last 10 days of transport. However,
from upwind days 10 to 20, there is an obvious positive bias in these additional UMRs
resulting from the sensitivity being folded with CO that will be dropped from the forward
model before it can be transported to the receptor. Since we are mainly interested
in the last ~10days of transport, when the bulk of the emissions have been added to
the plume and transported to the receptor, this issue would not be an issue with the
example presented here. Deviations of the UMRs of this kind are most likely to occur at
the greatest upwind times, when very old CO emissions can be folded with sensitivity
many days upwind of the receptor.

5 Alternate backward LPDM combinations

The method we have presented uses the transport sensitivity from the backward formu-
lation of a model to estimate the location and distribution of tracer in the forward model
that will eventually arrive at the receptor. This is only one of many potential applications
that combine the transport sensitivity from a backward LPDM with gridded fields from
a number of sources. The simplest example, given by Seibert and Frank (2004), is the
convolution of the sensitivity plume with an emissions inventory to determine the age
class distribution of the tracer mixing ratio in the receptor cell. Here, we discuss a few
possibilities that focus on the calculation of UMRs and similar estimates of the physical
attributes of the sensitivity plume at upwind times.
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5.1 Chemical transport models

UMRs calculated from the folding of a chemical transport model (CTM) with the back-
ward LPDM would allow for an evaluation of the mixing ratios in the portions of the CTM
sampled by the sensitivity plume. This gives an estimate of the chemical transforma-
tions occurring in the CTM from the Lagrangian perspective provided by the sensitivity
plume and can help provide insight into the chemical and transport processes in the
CTM. A similar application, in which the adjoint of transport was used to sample a CTM
was given by Vukicevi¢ and Hess (2000) and Hess and Vukicevic¢ (2003). Vukicevic
and Hess (2000) determined the adjoint of the CTM HANK to find the transport sensi-
tivity of a non-reactive tracer in regions of the atmosphere above and below the Mauna
Loa Observatory (MLO) in Hawaii. These sensitivity fields included transport (specifi-
cally, advection, deep and shallow convection, and vertical mixing) and first order re-
moval only (wet removal and dry deposition) and no chemistry. Though these transport
schemes were based on Eulerian transport scheme, they provide a transport sensitiv-
ity equivalent to that obtained from a backward LPDM. Hess and Vukicevi¢ (2003) then
used the adjoint sensitivity fields to analyze the chemistry along the transport pathways
to the receptors over MLO by folding the transport sensitivity with a number of output
fields from the forward mode of the CTM (including NO, and Ozmixing ratios) to com-
pute UMRs (or, as described by Hess and Vuki¢evi¢ (2003), the sensitivity-weighted
average of these fields). In order to calculate UMRs from a CTM, ideally, the adjoint of
transport in the CTM would be used because transport would be described the same in
both model directions. However, the backward LPDM is also an attractive alternative,
particularly when the adjoint of the CTM is not already available. The UMRs calculated
in this manner will equal the mixing ratio in the receptor if the LPDM and CTM transport
are sufficiently similar no emissions are added, no chemistry occurs, and, if a passive
tracer is used in the LPDM (i.e., @=0), that no removal has occurred within the plume.
Changes in UMRs over time can thus be used to evaluate the net impact of emissions,
removal and chemistry.
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5.2 Meteorological fields

Folding meteorological fields with the backward LPDM sensitivity provides the
sensitivity-weighted upwind meteorological conditions for the sensitivity plume (e.g.,
the average temperature of the plume at each upwind time). This type of information
is useful for determining the physical conditions of the plume, which can be used to
estimate how chemical reactions may proceed. Trajectories have been used to sample
meteorological fields for use in Lagrangian plume models (e.g., Evans et al., 2000).
However, trajectories provide the meteorology at only a single point at each upwind
time, while the sensitivity-weighted value has the advantage that it provides a descrip-
tion of the distribution of the meteorology. Obtaining a distribution of the physical char-
acteristics can be particularly important when non-linear processes are important (e.g.,
rate constants as a function of temperature and pressure).

5.3 Measurement data and Lagrangian sampling

UMRs calculated from atmospheric measurements provide an additional estimation
of the chemical and physical properties of a plume upwind of a receptor. During in-
tensive aircraft campaigns, the frequency and spatial distribution of samples may be
large enough to fold the backward LPDM with the upwind measurements to calculate
UMRs. In this case, evolution of the air mass could be examined as it traveled to the
receptor by comparing the UMRs. At other times, when atmospheric measurements
are less frequent, the sensitivity plume may be used to identify Lagrangian samples,
or situations when two measurement were made of portions of the same plume but at
different times. An example is given by Rex et al. (1998) and Lehmann et al. (2005),
who used trajectories to identify Lagrangian samples, matching pairs of O3 soundings
along the same trajectory in order to estimate O loss rates in the Arctic. Due to the
single-point nature of trajectories, however, locations often did not lie exactly along
the trajectory path, such that an arbitrary maximum radius from the trajectory had to
be applied to find matches. Additionally, the degree of mixing experienced between
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each matched pair could not be determined. The use of sensitivity plumes in place
of trajectories would offer a further improvement on the method, as no radius need be
assumed since the deformation of the air mass is taken into account. This approach
would be particularly useful when a set of upwind measurements were found to match
with a single downwind measurement because UMRs could be calculated, weighting
the upwind measurements according to their contribution to the downwind easurement,
as determined by the sensitivity plume. Alternately, since the degree of mixing and di-
lution between the two sample points can be determined directly from the sensitivity
plume, this approach could be used to eliminate matches when too much dispersion
was found to occur.

5.8.1  Other applications

Other potential applications exist, since any data that are available on a 3-D grid can
be be combined with the backward LPDM to calculate sensitivity-weighted fields. For
example, fields of atmospheric composition derived from satellite observations could
be analyzed by calculating UMRs, in order to evaluate chemical transformations, pro-
duction, and/or removal occurring during transport, or to assess the consistency of
successive satellite observations and the LPDM transport simulation.

6 Practical considerations

There are a number of practical considerations relating to the model settings and pa-
rameters that should be taken into account when creating folded retroplumes. Three of
the most important of these are discussed in this section and are expected to be of the
greatest interest to readers interested in conducting their own calculations of this type.
This discussion is limited to the LPDM FLEXPART, but may be applied to other similar
models by analogy.
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6.1 FLEXPART output time stamp

In FLEXPART, the output is saved at the end of the averaging period. The forward and
backward model simulations, however, are integrated in opposite directions in time.
Thus, if averaged (normal) output is used, in order to appropriately match the model
output, the length of the output interval must be added to the backward model output
times. Since FLEXPART requires custom modifications to give instantaneous output,
this adjustment may or may not be needed when instantaneous output is used, de-
pending on how the code was modified.

6.2 Output unit options

The derivation presented in Sect. 2.1 used the volume mixing ratio and a form of the
sensitivity that also has units of mixing ratio. Neither of these units are native to FLEX-
PART. For the forward model, native FLEXPART settings can provide the mass mixing
ratio for the forward model (with model settings ind_source=1 and ind_receptor=2).
These can be used to calculate PMRs with units of mass mixing ratios without further
changes. Alternately, the mass mixing ratios calculated this way can be converted to
volume mixing ratios by multiplying by the ratio of the mass of air to the mass of the
tracer. For the backward mode, native FLEXPART settings can provide the residence
time (ind_source=1 and ind_receptor=1), which can be converted to the mixing ratio
sensitivity we use by dividing the residence time by the length of time between out-
puts. Note, this may or may not be necessary with instantaneous output, depending
on how the modifications are made to the model code. Concentrations (ind_source=1
and ind_receptor=1), are also popular native FLEXPART settings for the forward mode
and can be paired with specific volume weighted sensitivity (SVWS). The SVWS can
be calculated from the residence time weighted by the local air density (specific vol-
ume weighted residence time or SVWRT) by multiplying by the output interval. The
SVWRT is another native output format for the backward mode (ind_source=1 and
ind_receptor=2). Seibert and Frank (2004) and Stohl et al. (2005) review other poten-
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tial model outputs.
6.3 Wet and dry removal

The inclusion of removal processes has interesting implications but requires careful
consideration. Generally, removal should either be included or excluded in both of
the paired model simulations. By comparing the UMRs from two sets of simulations,
one set from two simulations with no removal (subscript nr, UMR,,,) and one from
two simulations with removal (subscript wr, UMR,,), the timing of removal can be
determined. For example, consider UMRs calculated at three time periods, one close
to the source, ¢, one near the receptor, t,, and an intermediate time, ¢;. If no emissions
are added to the air mass from ¢, to ¢,, then UMR,,, will be constant at all three times.
However, if removal occurs between either t; and ¢; or t; and t,, then UMR,,, will
decrease after the removal has occurred. Therefore, a comparison of the two UMRs
will indicate the timing of removal. Once the timing has been determined from this
method, the PMR,,s can be compared with the PMR,,, s to identify where this removal
occurred.

7 Summary and conclusions

This paper introduced a new method, the product of which we call a folded retroplume,
that identifies source-to-receptor transport pathways using standard products from a
Lagrangian particle dispersion model (LPDM). The folded retroplume can be used to
determine the transport pathway of only those emissions that arrive at the receptor at
a designated time and to estimate the timing and location of emission and removal
processes within the model.

An evaluation was conducted to determine the ability of the folded retroplume to
identify the transport pathway from source to receptor and to consistently calculate the
expected sensitivity-weighted mixing ratios (upwind mixing ratios or UMRs) along the
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transport pathway. A comparison of the folded retroplume pathway with particle trajec-
tories from both the forward and backward LPDM simulations showed that the folded
retroplume was consistently able to reproduce the source-to-receptor transport path-
way across a wide variety of model settings. Minor differences between the folded retro-
plume and particle pathways along the edge of the core transport pathway were found,
but were limited to one or two grid cells (typically 10—100 km), which is a fairly minor
difference when compared to the length of the transport pathway analyzed (3620 km).
The UMRs were expected to be constant at all times between the source and receptor
in the evaluation simulations. However, significant variations in UMRs were found to
occur across all model settings. The best model settings produced UMRs that typically
deviated from the expected value by 20—-40%, while other model settings produced
deviations exceeding 100%. These deviations resulted from a combination of large
gradients in the tracer and sensitivity fields and minor differences between the source-
to-receptor transport described by the forward and backward model simulations. The
test simulations, however, provided a rather rigorous test of the folded retroplume prop-
erties, particularly the UMRs, as the evaluation transport scenario produced high gra-
dients.

A sample analysis of the transport of North American CO to a monitoring station
located in the Azores Islands contrasted the folded retroplume with traditional LPDM
analysis tools. The folded retroplume made it possible to identify transport features that
were difficult or impossible to determine with the traditional LPDM analysis techniques.
The UMRs proved to be useful as a tool to determine the timing and rate at which emis-
sions were added to the plume. Had the sample analysis included removal processes,
the timing and rate of removal could have also been determined. We conclude that the
folded retroplume is better than traditional LPDM analysis techniques for determining
source-to-receptor pathways because it is significantly easier and more accurate than
the alternative (separately viewing all the components of the LPDM that would other-
wise be required). The folded retroplume also provides information unavailable from
traditional LPDM products, such as the location and timing of removal processes and
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the spatial distribution of the tracer between the source and receptor.

The folded retroplume should be useful for the analysis of measurements made in
relatively remote regions of the atmosphere, where pollution impacts result from emis-
sions that have traveled long distances. In these cases, emissions are often signifi-
cantly dispersed, and the source-to-receptor pathway may be difficult to discern from
standard LPDM products. This scenario is relatively typical of many monitoring stations
(e.g., Carpenter et al., 1997 and Kentarchos et al., 2000) and aircraft based sampling
efforts (e.g., Cooper et al., 2001 and Lewis et al., 2007). To illustrate the potential ap-
plication of our method, we provide three examples of previous studies that could have
benefited from the method.

First, Trickl et al. (2003) presented a detailed analysis of several events of the trans-
port of North American O3 to the FT over Europe. They used forward and backward
FLEXPART simulations as well as FLEXTRA trajectories (Stohl et al., 1995; Stohl,
1998). However, due to the complexity of transport for some of the events, specific
transport pathways could not always be determined. We suggest that with folded retro-
plumes, a trajectory analysis likely would not have been necessary and the complex
events could have been better understood.

In a second study, Cooper et al. (2005) determined the influence of Asian emissions
on Oy at several sites across the US. In order to determine transport pathways, they
used an Asian NO, tracer and the potential vorticity history of air arriving in the receptor,
both derived from backward FLEXPART simulations, to determine the origin and time
spent in the upper and lower most regions of the atmosphere. With folded retroplumes
made from a forward NO, and stratospheric O3 simulation, they could have determined
how the air traveled from these source regions to the receptors, using the average
folded retroplume altitude, latitude, and longitude for events with different chemical and
tracer characteristics.

Finally, Owen et al. (2006) previously analyzed the transport of 16 events from North
America that were observed at Pico Mountain observatory in the Azores, four of which
were described in detail. However, we were unable to give a detailed description of
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many of the remaining events because of the difficulty in linking the information about
the location of the CO tracer and sensitivity. Using the folded retroplume method, we
would have been able to more clearly determine the transport height from the source
to the receptor, one of the primary transport characteristics examined in the study.

The LPDM folding technique can also be applied using the backward LPDM to sam-
ple fields of mixing ratios, concentrations, and meteorological data from other sources
in order to explore gridded data fields in a Lagrangian framework. When paired with the
concentration output from a CTM, the method could be used to probe the the chemistry
occurring in the CTM within the confines of the sensitivity plume. Applied to satellite or
field measurements, the method could be used to examine the chemical and physical
evolution of a plume in the atmosphere. Meteorological conditions extracted with the
method could be used to understand the conditions experienced by an air mass dur-
ing transport and can be used in a trajectory chemical transport model or box model.
These alternate applications of the technique offer new opportunities to study physical
and chemical transformations that occur in the atmosphere.
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Table 1. Model settings used for evaluation.

ACPD
8, 18843-18891, 2008

Parameter name

Setting options

Averaging

Temporal output interval
Spatial output grid®
Kernel

Internal model time step ifine and ctl
C

Number of forward particles

Number of backward particles®

On and off'
1',3,and 6h
0.5°",1.0°, and 2.0°
On and off'

5and 20'°
75000 and 500000 ©
2500" and 20 000" ¢

Lagrangian plume
tracking

R. C. Owen and
R. E. Honrath

! |dentified as preferred model settings for folded retroplume.

& Used for both latitude and longitude simultaneously.

® Used for both ifine and ctl simultaneously.

° High and low number of particle pairs only run together.

9 Resulted in 20—40 positive particles.
° Resulted in 250-625 positive particles.
" Resulted in 25-35 positive particles.
9 Resulted in 250—-650 positive particles.
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Fig. 1. The vertically (left column) and horizontally (right column) integrated views of snapshots
of the CO concentrations from a forward model simulation 1.5 days after release (a and b), the
sensitivity field from a backward simulation 4 days upwind of the receptor (¢ and d), and the
folded retroplume, or results of folding the concentration and sensitivity fields from (a)—(d) (e
and f). The colors for the plumes are scaled according to the maximum value in each panel.
Contours indicate the limits of the forward (blue) and backward (magenta) plumes and are
drawn at 1% of the maximum value for each plot. The source and receptor boxes are outlined
in black in (a), (c), and (d).
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Fig. 2. The time integrated results from the forward and backward model simulations for the
evaluation case. The horizontal and vertical views of the CO plume from the forward simulation
are shown in blue in (a) and (b), respectively. The horizontal and vertical views of the sensitivity
plume are are shown in red in (¢) and (d), respectively. The source and receptor volumes are
outlined in yellow and gray in (a) and (c), respectively. The white numerals show the average
location of the CO and sensitivity plumes at 00:00 UTC on the day of month indicated by the
numbers.
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Fig. 3. The horizontal and vertical views of the positive particle trajectories from the forward simulation are shown in
blue in (a) and (b), respectively. The horizontal and vertical views of the positive particle trajectories from the backward
simulation are shown in magenta in (c) and (d), respectively. The horizontal and vertical views of the folded retroplume
are shown in green in (e) and (f), respectively. The solid blue and magenta lines in (e) indicate the location of the
maximum and minimum positive particle latitudes at each longitude from the forward and backward model simulations,
respectively. Similarly, the solid blue and magenta lines in (f) indicate the maximum and minimum positive particle
altitudes at each day. The source and receptor volumes are outlined in magenta and blue in (a) and (b), respectively.
The white numerals show the average location of the positive particles and the folded retroplume at 00:00 UTC on the
day of month indicated by the numbers.
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Fig. 4. Upwind mixing ratios (UMRs) at each transport time between departure at the source
and arrival at the receptor for the evaluation simulation. The bottom axis indicates the date while
the top axis indicates the upwind day number. The left-hand axis indicates absolute UMRs and
the right-hand axis indicates the relative UMRs, normalized by the last UMR. Numbers and
vertical dotted lines indicate periods discussed in detail in the text.
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Fig. 5. The vertical (a and b) and horizontal (¢ and d) views of sensitivity plume (red, a and ¢)
and the folded retroplume (green, b and d) for the sample analysis. The horizontal color scales
are based on the maximum specific volume weighted residence time (3.1 kg ms'z) and PMR
(1.5 ppbv) for each plot. The white numerals show the average location of the sensitivity plume
and folded retroplume at each upwind day, as indicated by the numbers. The vertical plots are
normalized by the maximum value at each upwind time.
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Fig. 6. Horizontally integrated snapshots of sensitivity plume (red, left column) and the folded
retroplume (green, left column) with forward CO contours (blue lines, left and right columns) at
7 (@aandb), 5 (c and d), 4 (e and f), and 3 (g and h) days upwind. Sensitivity plume color scale
based on the maximum specific volume weighted residence time for all 4 plots (3.1 kg ms?).
Folded retroplume color scale based on the maximum PMR for all 4 plots (1.5 ppbv). CO con-
tours at 10, 20, 30, and 60% of the maximum column CO for all 8 plots (400 mg/m?).
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Fig. 7. The UMRs at each upwind time for the sample evaluation. The UMRs calculated using
the appropriate CO age classes is shown in green, while the alternate UMRs calculated with
the total CO is shown in gray. The cumulative CO distributions from the forward model (blue
boxes) and the backward model folded with emissions (magenta crosses) are also shown.
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