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Abstract. Lagrangian particle dispersion models (LPDMs) 1 Introduction
are powerful and popular tools used for the analysis of atmo-

spheric trace gas measurements. However, it can be difficuly,q yansport experienced by a plume of emissions can have
to determine the transport pathway of emissions from their, significant influence on its chemical composition. Dry de-
source to a receptor using the standard gridded model out5gition, which is an important removal mechanism for many
put, _partlcularly during complex meteorological scenarios. ., o gases, occurs in the boundary layer (BL). Significant
In this paper we present a method to clearly and easily ideng, o4 genosition is often associated with strong uplift from the
tify the pathway taken by only those emissions that arrivep) into the free troposphere (FT) (e.Gtohl et al, 20028.

at.a receptor at a particular time, by combiniqg the standarq:Or example, soluble species, such as HN€n be removed
gridded output from forward (e.g., concentration) and baCk'during this uplift. Once in the FT, however, the chemical

ward (e.g., residence time) LPDM simulations. By compar- .\ yqsition of an air mass is more dependent on photochem-
ing the pathway determined from this method with particle istry and mixing (e.g.Methven et al.2003. Thus, knowing
trajectories from both the forward and backward models, Wehe amount of time an air mass spends in the BL, the timing

show that this method successfully restores much of the Laz . 4 |qcation of uplift, the time spent in the FT, and the rel-

grangian information that is lost when the data are gridded. Astive amounts of mixing during these processes is essential

sample analysis is presented, demonstrating that the SOUrCgs 5 complete understanding of the chemical transformations

to-receptor pathway determined from this method is more aC'Bcgcurring in an air mass. As a result, determining these trans-

curate and deaS|er to_;;edtr;gT deX|s%t|ng methods using standg rt characteristics for a plume of emissions as it travels from
LPPM products (gridded fields o » €.9., concentrations and ¢orce to a downwind sample location has been an impor-
residence time). As demonstrated in an evaluation and an eXant part of many measurement efforts (eRpx et al, 1098
ample application, the method requires agreement betweegtohI and Trick| 1999 Trickl et al, 2003 '

the transport described by the forward and backward simula- ] ] )
tions and thus provides a means to assess the quality and re- 1N€ atmospheric transport pathway through which emis-

versibility of the simulation. Finally, we discuss the potential SIOnS traveled to a downwind receptor is often deduced with

for combining the backward LPDM simulation with gridded -@gdrangian models, either trajectories or Lagrangian parti-
data from other sources (e.g., chemical transport models) t§'€ dispersion models (LPDMs). Trajectories remain pop-
obtain a Lagrangian sampling of the air that will eventually Ular because they are easy to use, but they are limited by

arrive at a receptor. Based on the advantages presented heB€ir inability to describe the deformation of an air mass and
this new method can complement or even replace many ofhe concentration gradients of chemical trace substances in

the standard uses of backward LPDM simulations. the atmosphereStohl et al, 2002a Methven et al. 2009.
LPDMs are superior because they address both these issues

(e.g., Han et al, 2005, but they also have shortcomings.

Correspondence tdR. E. Honrath Their output is more complex than that of trajectory models
BY (reh@mtu.edu) and much of the Lagrangian information is lost in the process
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of calculating concentrations on a Eulerian-type output grid.in the atmosphere, while the backward model describes how
While some work has been done to simplify the LPDM out- much of this trace substance will arrive in the receptor cell
put (e.g.,Stohl et al, 20023, there remains a need for new at a given time. The folded retroplume is easier to use and
products to succinctly describe LPDM output. Additionally, more accurate than using standard gridded LPDM products
there are no methods available to retrieve the Lagrangian inalone. Additionally, the method is superior to similar meth-
formation that is lost when the output is gridded, short of ods available with trajectories, as it retains the advantages of
saving particle trajectories. While particle trajectories pro- LPDMs, e.g., the ability to describe dispersion and to pur-
vide useful information, they are typically not saved during vey information about the relative concentration of the trace
LPDM simulations because they increase the time it takes tsubstance along the transport pathway. Since the method re-
run and process a simulation and require large amounts ofluires an agreement in the transport described by the two
storage and memory. Particle trajectories also add a level ofmodel simulations, it also allows for an assessment of the
complexity in interpreting the output and are generally usedquality and reversibility of the simulation. We also introduce
only in advanced LPDM studies (e.&tohl et al, 2004). similar uses of the backward model with alternate Eulerian
Traditionally, studies that use LPDMs to perform a de- fields that describe the state of the atmosphere (e.g., output
tailed analysis of the transport of emissions to a particularfrom a chemical transport model) to determine physical and
receptor use both forward simulations (simulations of atmo-chemical properties of an air mass as it travels toward a re-
spheric concentrations resulting from an emissions field) andteptor.
backward simulations (simulations of the upwind transport Below, we provide a method overview (Segj}, evalua-
of air ultimately reaching a receptor), but present them as intion (Sect.3), and example (Sectl) that are based on the
dividual products. For exampl&tohl et al (2003 used for- LPDM FLEXPART (Stohl et al, 2005, one of the more pop-
ward simulations to understand the large scale transport fronular LPDMs in use today. Although the presentation is some-
North America to aircraft-based sample locations over thewhat specific to this model, the method should be valid for
North Atlantic and Europe, while backward simulations were any LPDM with an appropriately employed backward mode,
used to determine the age distribution of the trace substancleecause all LPDMs have the property that they are essen-
in the receptor cells, to determine the specific source regionsally self-adjoint, i.e., the backward mode only requires the
contributing to the trace substance enhancements in the reeversal of the direction of advection to give the transport
ceptor cells, and to determine the transport pathway to thesensitivity for a receptor cellSeibert and Frank004).
receptor. They assumed that the backward plume matched
the pathway taken by emissions, which was reasonable onl
because this particular transport experienced very little defor+

mation. Owen et al(200 analyzed the forward and back- \We begin with a brief outline of the formulation of the model

ward products together, by presenting snapshots of the tW(())utput and the folded retroplume, followed by a simple case

S|mulfat|9ns side-by-side, but deta|led. analygs of transportthat illustrates the folded retroplume. We rely heavily on the
was limited to only those backward simulations that expe- el theory presented IStohl et al (2009 andSeibert and
rienced little deformation between the source and receptorFram((20049 and refer the reader t'o these sources for more
Despite thgse appl!catlons,'there remains a disjunction be6Ietai|ed reviews of LPDM theory and technical descriptions
tween the information provided by forward and backward

LPDM simulations. of LPDM operational details. We also recommeRiésch

In this paper, we present and evaluate a new method, thgt al.(1995 andLin et al. (2003 for additional information

product of which we call a folded retroplume. The folded 6n backward LPDM modeling aridirico (1997 and for ad-

retroplume addresses two of the shortcomings of the LPDMdltlonal background on general adjoint model theory.

by simplifying the LPDM output and allowing the retrieval of 5 1 Eormulation of the model output and folded retro-
some of the Lagrangian information that is lost in the process plume

of calculating gridded (Eulerian) output fields. The purpose

of the folded retroplume is to provide a way to efficiently and |n this section, we review the calculation of the gridded
accurately determine the transport pathway of emissions to ghodel output, starting with the forward mode, and provide
receptor, highlighting only those emissions that arrive in theseveral formulations involving the folded retroplume. The
receptor cell at the time of interest, using standard griddectalculations presented in this section are limited to instan-
output fields from an LPDM. As we show below, this can taneous model output. (The use of averaged model output
be accomplished by convolving the standard output from acan complicate the interpretation of folded retroplumes and
forward model simulation with that from a backward model js thus discussed in Se®&.3)

simulation, bringing the information from the forward and

backward models together in such a way that even complex

transport scenarios can be analyzed. When used in this way,

the forward model describes the amount of a trace substance

Method overview
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2.1.1 Standard output from the forward mode Again, the output is saved at each time for each grid cell,
giving a 3-dimensional matrixy, - v)) of the sensitivity for

In the forward mode, particles are released at the source angl| ;. The output of the backward mode is referred to as the

then transported forward in time, according to the mean andsensitivity plume, or the retroplume.

turbulent wind component${ohl et al, 2005. The mass of

each patrticle at the time of emission is based on the strengtB.1.3 The folded retroplume — combining model out-

of the source. Concentrations are calculated by summing the put to determine the source-to-receptor transport

mass of all the particles that reside in each grid cell. We first pathway

consider only a puff of emissions and focus on one downwind

grid cell () at a single model timer]. The instantaneous The folded retroplume at timeis the Hadamard (or entry-

gridded concentratiorc) from a puff of emissions released Wise) product of the mixing ratio matrix{) from the for-

at timerg is thus: ward mode and the sensitivity matrig(j ) from the
1 backward mode. In terms of an individual cell, the mixing ra-
=y Z mj 1w Pj.tfi» (1)  tio (Eq.2) indicates the amount of emitted trace substance in
7 the given cell, and the sensitivity (E8).indicates the amount

whereV; is the volume of the cell and the summation is over Of air in the cell that will be transported to the receptor. By
all particles that reside iv; at timer. m; , is the initial ~ Multiplying the two values, we can determine the amount of
mass of the particlef; is the sampling kernel, which can the trace substance in the cell that will eventually arrive at
be used to distribute the mass of the particle across multipléhe receptor (') at the arrival time ). Note the units for
gnd cells, andpj,t is the transmission function, which de- this Operation. We begin with the volume mixing ratio, with
scribes the percentage of the particle mass remaining froniinits of parts of trace substance per parts of air in the cell.
removal processes (s&iohl et al, 2005 and Seibert and This is multlplled by the sensitivity, with the units of parts of
Frank 2004for a more complete description of these terms). @ir in the cell per parts of air in the receptor. The resulting
In order to calculate the mass mixing ratio, the concentratiorProduct calculated for a specific cgllhas units of volume

is first divided by the local air density (from the meteorolog- Mixing ratio, and indicates the portion of the mixing ratio in
ical data). The volume term from the concentration cancelghe receptor at’ (the sensitivity plume arrival time) resulting
with the volume term from the local air density, leaving the from the transport of trace substance through gell timez.
mass of air in the Ce””@j,air) and the summation of the mass That is, the units are parts of trace substance in the cell per
of the particles in the cell. The volume mixing ratig)(is part of air at the receptor. As this mixing ratio results from
obtained by mu|t|p|y|ng this value by the ratio of the mean only a part of the sensitivity field (the individual upwind cell
molecular mass of airMair)’ to that of the trace substance considered here), we call the product the partial mixing ratio

being modeled//;,), giving the volume mixing ratio: (PMR):
K= (Mair> < : >Zm; w0 Pjfi @  PMRucG.on=Sieq.on X (4)
’ M;, mj air ) 5 ’ . . .
j wherer is the model time. The PMR will clearly be small

Mixing ratios are saved at each time for each grid cell in theor zero when there is either little of the trace substance in a
model domain, giving a 3-dimensional matrijg) of the vol-  cell or small sensitivity. Conversely, if there is a significant
ume mixing ratios for aljj (i.e., eachx, y, andz component).  amount of trace substance in a cell and a large sensitivity,
then the PMR will also be large, indicating the location of
2.1.2  Standard output from the backward mode trace substance that travels from the source to the receptor.

In the backward mode. particles are initiated in a sinale re_The 3-dimensional matriRMR - v, indicates the distribu-
W , » particie it In a sing tion at timer of the trace substance that will ultimately arrive
ceptor volume (') over a short interval(, the arrival time)

at the receptor at time, while the matrixPMR (j vy at multi-

2fn?hteranqzz(r)1r$i?1 dba('i'khvéarrr?a?stg?Eez:ghre\zﬁtriillggisthr?o?rlwzzﬁtzlg%le times shows the transport pathway of the trace substance
: P etween the source and receptor.

bgrtths;m?!trsnsf;r.e!ﬁasrz(z.c')n ;hirzet%z?ﬁggghg“;g%iaéh o- Up to this point, we have only considered a puff of emis-
particie uni IXing ratio, su parti P'®sions in the forward model, which is not the typical model

ser)tslotr?e partdotfhthg allr.bmt.the rfe::heptortgtlthg rg'leatse f;esituation. Normally, emissions are continuously released into
arrival) time and the distribution of the particles indicates €the forward simulation and each particle is carried in the

IO;?(;'%” tOf tth_e rer(_:gg(ta(()jr tz;ur at ne"nif'?n umng tr'nme.h T?aet.gac.lsmodel for a set number of days and then dropped. Thus,
\(Ievach C;”pu. 'Irs1 gtrlwe sens'i/' S.tu Qofltr?e recz torl):Io t%]e mlazsl the mixing ratio from the forward model( ;) consists of
» gVIng ItV P particles released over a range of times and can be divided

present in the upwind cell: into age classes, according to the length of time the particles
m; 4 . .

Si = E : Jo! -pitfis (3) have beenin the mo_del (the age_of the particles). If the age_of

v, Mot the trace substance is not taken into account when computing
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the PMR then the folded retroplume calculation will include 2.2 lllustrative case
particles that would be dropped from the forward simulation
before they would be transported to the receptor. To avoidiere we present the application of our method to a simple
this, the age of forward model trace substance in Bj. ( case in order to illustrate the folded retroplume. The case is
(x;j.) must be less than the time difference between the rebased on a puff of CO emissions released into the forward
lease time in the backward model (that is, the arrival time)model from the Boston area, into the box bounded by 41—
and the sample time) If we have a forward simulation that 43° N latitude and 73—-75W longitude, from the surface up
carries particles foA ; days and a backward simulation with to a height of 250 m a.s.l. Emissions were released over a 1-h
an arrival time of’, then the PMR at some intermediate time period, from 15:00-16:00 UTC on 14 May 2005 and were
(¢) should be: based on the EDGAR Fast Track 1999 inventoBliier
et al, 1996. The backward simulation was initiated at the
Pico Mountain observatory, located on the Azores Islands in
PMR;. 1. j7.)=Sj.1. 7.0y Z Xjiti- (3)  the Central North Atlantic Ocean, into the box bounded by
i=0 38.5—-39.0N latitude 28.5—-28.OW longitude, from an alti-
wherei indicates the available age classes in days from théude of 2000-2250 ma.s.l. Particles for the backward sim-
forward model. ulation were also released over a 1-h period from 00:30-
The PMRs at any upwind time may be summed over the01:30 UTC on 19 May 2005.
model domain to determine the mixing ratio from all (ap- FLEXPART version 6.2 was used, driven with data from
propriately aged) emissions that are present in the model ahe European Centre for Medium Range Weather Forecasts
that time. If no more emissions are added to the atmospher(ECMWF) (ECMWEF, 2005 with 1°x1° horizontal reso-
between that time and arrival time, then this sum would belution, 60 vertical levels and a temporal resolution of 3h,
equal to the mixing ratio in the receptof’) at the arrival ~ using meteorological analyses at 00:00, 06:00, 12:00 and
time (). Thus, we call this sum the upwind mixing ratio 18:00 UTC and ECMWF 3-h forecasts at intermediate times

Ap—(@t'—1)

(UMR): (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

UMR;, (.= Z PMR; ¢ (. 1) (6)  the vertical, from 0-7000 ma.s.l. The sampling kernel was
1 turned off and instantaneous fields were saved (see $8ct.

The UMR is equivalent to a sensitivity-weighted average offor a description of these model settings and more details
the upwind mixing ratio field and can increase or decrease®n their impact on the folded retroplume). 500000 parti-

depending on the relative rates of emission and removal proC'GS were used for the forward simulation and 2000 particles
cesses. For examp|e’ if emissions are added to the atmavere used for the backward simulation, resulting in a total of
sphere between time steps and no removal processes are cd.0 forward particles and 634 backward particles that suc-
sidered, the change in the UMR from timéo 7+1 should  cessfully travel between the source and receptor cells.

be Figurela and b shows the plan view and longitude-height
cross section of the CO plume 1.5 days after the forward-

UMR 11, (7. n=UMR; (i.n+ D Sj v iy Ej1 (7)  model puff release. Figuréc and d shows plan view and
J longitude-height cross section of the sensitivity plume 3 days

whereE , are the emissions released into the model at timguPwind of the release at the receptor (and at the same time as
randy; S, (. Ej. is the so called source contribution shown in Fig.1a and b). (No_t_e _that throughout the paper the
(Stohl et al, 2003. However, if no removal processes are €'MS CO plume and sensitivity plume refer to the forward
considered and if no emissions are added to the atmosphef1d backward model simulations, respectively.) Figlee
after timer (or if no emissions are added in areas with sensi-2nd f shows the plan view and longitude-height cross section
tivity — the region where the plume is located), then the UMR of the folded retroplume, derived from folding the mixing
should remain constant. ratio and sensitivity fields shown in a—d, along with the con-
The UMRs therefore provide a means to evaluate the evolours showing the limits of the forward (blue) and backward
lution of the mixing ratio of the receptor air during trans- (Magenta) plumes from panels a-d. Note that throughout the
port. For instance, the timing and location of wet removal Paper we color any product derived from the forward model
could be determined by comparing the UMRs from two blue, from the backward model red and magenta, and from
folded retroplumes, one computed from forward and back-the folded retroplume green. o _
ward simulations with no wet removal and one computed The folded retroplume clearly indicates the portions of
from forward and backward simulations that include wet re-the two plumes that successfully travel between the source
moval. Sectiors will discuss other potential applications and receptor. The folded retroplume also indicates the rel-

using the UMRSs derived from folding a backward simulation &tive concentrations of the receptor-bound trace substance.
with mixing ratio fields from alternate sources. A comparison of the folded retroplume with the forward

CO and backward sensitivity contours shows that simply

Atmos. Chem. Phys., 9, 2572595 2009 www.atmos-chem-phys.net/9/2577/2009/
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Fig. 1. The plan views (left column) and longitude-height cross sections (right column) of snapshots of the vertically integrated (left column)
and horizontally integrated (right column) CO concentrations from a forward model simulation 1.5 days after aded&g, the sensitivity

field from a backward simulation 3 days upwind of the recept@n(dd), and the folded retroplume, or results of folding the concentration

and sensitivity fields fronfa)—(d) (e andf). 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 (e).

superimposing the forward and backward plumes can be mis3 Method evaluation
leading. In this case, the overlap of the two contour lines

roughly define the folded retroplume in the vertical view (f). 3.1 Approach and methods for the detailed evaluation
However, this is not the case for the plan view (e), as the

folded retroplume only occupies a portion of the overlapping-l-he primary purpose of the evaluation is to determine how

contours. This apparent inconsistency is the result of Ve the folded retroplume reconstructs the pathway of emis-

ing vertically integrated fields. The trace substance plumegiyns from the source to the receptor. Here, we use parti-
and sensitivity field, while in the same vertical plane, are not.je trajectories from the LPDM model runs to evaluate the
actually colocated vertically. In Seat, we provide an ex- 5.y racy of the folded retroplume pathway. The secondary
panded comparison of the folded retroplume with the stany, ;1556 of the evaluation is to examine the behavior of the
dard LPDM products in a sample analysis. UMRSs along the transport pathway. As discussed above, the
UMRSs should be constant if no emissions are added to the
forward model. Deviations in the UMRSs, which indicate dis-
agreement between the transport described by the forward

www.atmos-chem-phys.net/9/2577/2009/ Atmos. Chem. Phys., 9, 25832009
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and backward models, will also be investigated using parti-model direction be located in a cell without positive particles
cle trajectories. Some degree of disagreement is expected, #om the other model direction. These two situations indi-
a result of the random components in the models (turbulenceate differences in the transport described by the two model
and convection). Finally, we will relate the behavior of the simulations. In practice, however, this can occur, due to the
UMRs to the accuracy of the folded retroplume pathway. = random model components, transport errors, or irreversible

This evaluation used the same model simulations pretransport.
sented in Sect2.2, which focused on the transport of an-
thropogenic CO emissions from a source region near Boston3.2 Detailed evaluation results
MA on the US east coast to a receptor cell located around
the Pico Mountain observatory in the Azores Islands in the3.2.1 Detailed evaluation of the folded retroplume path-
Central North Atlantic. The two are located approximately way
3620 km from each other and the transport time from source
to receptor was 4.4 days. This transport time and distancd he time-integrated results from the forward and backward
should be sufficient to allow for any deviations from the ex- simulations used for the evaluation are shown in Big-ig-
pected pathway and UMR to become apparent. While theure2a, which shows the plan view of the vertically integrated
source region was chosen arbitrarily, the timing of the trans-CO concentration field, indicates that the bulk of the CO
port scenario was selected by first running a forward simula-emissions are transported northward. These emissions move
tion with continuous emissions, from April to June 2005. We out of the plot window; later, however, some of these emis-
then selected one of the periods with the largest CO mixingsions travel southward, toward the receptor (present as the
ratio in the receptor cell for further inspection, with no prior dark plume stretching south-east from the northern edge of
knowledge of the transport scenario. the plot window). A significant portion of the CO plume also

In this evaluation, we will discuss two types of parti- moves east and southeast, stretching from the US east coast,
cles, termed positive particles and negative particles basedcross the Atlantic, to the receptor. Fig@e which shows
on whether or not they travel from the source to receptor ovetthe time-height cross section of the horizontally integrated
the period analyzed. From the forward simulation, positive plots of the CO concentration field, indicates that the bulk of
particles are the trace substance particles that arrive in the réhe CO is transported to higher altitudes during the first few
ceptor cell during the release of the backward plume. Frondays, though CO is distributed throughout all levels of the at-
the backward simulation, positive particles are the sensitivitymosphere during the last 3 days of transport. The plan view
particles that arrive in the source cell at the release time foFig. 2c) and the time-height cross section (Figl) of the
the forward simulation. Negative particles are all other par-sensitivity plume indicate a number of pathways (i.e., areas
ticles, including particles that do not travel from the source of sensitivity) for air traveling to the receptor. The regions
to the receptor as well as particles that successfully travel beof highest sensitivity are in a fairly compact pathway starting
tween the source and receptor cells, but not within the timefrom just off the east coast of Nova Scotia, where the air con-
frame of interest. verged, coming equally from the North and the South (from

Note that at most times and in most grid cells, there will the emissions region). There is a secondary region of sensi-
be both positive and negative particles from both model di-tivity that also originates near the source region and travels
rections. Since dispersion causes increasing separation overer the Atlantic slightly farther south than the primary sensi-
time between particles that are initially near one another, thdivity region, converging with the primary transport pathway
amount of dispersion a plume has experienced affects th#est-southwest of the receptor.
relative number of concurrent positive and negative parti- Near the receptor, the horizontal transport pathway of the
cles. As the two plumes are tracked toward the receptoremissions can be guessed from FEdry comparing the sen-
the forward plume will disperse and the backward plumesitivity with the CO concentrations, as there is only a small
will coalesce. Thus, near the source and close to the reregion of overlap of the sensitivity (Fig¢c) and CO fields
lease time, many negative forward particles should be lo{Fig. 2a). However, near the source and in the intermedi-
cated along with positive forward particles, as the forwardate transport, over the Atlantic, the pathway that emissions
trace substance plume has experienced relatively little distravel to the receptor is unclear from these plots alone. Both
persion. In contrast, near the receptor and release time, onlthe CO and sensitivity occupy a large area, both horizontally
a few negative forward particles should be colocated withand vertically. Thus, even for this simplified case, with only
the positive forward particles, as the forward trace substanca puff of emissions into the forward model, determining the
plume should be highly dispersed. For the backward simu-exact pathway (or pathways) taken by the emissions as they
lation, there should be few concurrent positive and negativeravel to the receptor is not possible from the plan view and
backward particles near the source and many concurrent pogross sections plots alone. One would need to view snapshots
itive and negative particles near the receptor. Theoretically(i.e., the distribution of the plume at a single time, as op-
no location should ever contain only negative particles fromposed to the time-integrated view shown in the figure) of the
both model directions, nor should positive particles from onetwo plumes in order to do that. However, even when viewing
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Fig. 2. The time integrated results from the forward and backward model simulations for the evaluation case. The plan view and time-height
cross section of the CO plume from the forward simulation are shown in bl(& snd (b), respectively. The plan view and time-height

cross section of the sensitivity plume are are shown in réd)iand(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.

multiple snapshots of the simulations, diagnosing the correcthree products indicates that the folded retroplume success-
transport pathway can be difficult or impossible, as discussedully identifies the large-scale transport pathway between the
in Sect.2.2 source and receptor.

In contrast to the gridded output from the LPDM, the par- A comparison of the positive particle and folded retro-
ticle trajectories and the folded retroplume offer a clear VieWp|ume pathways reveals three interesting features outside of
of the transport pathway between source and receptor. Figthe core transport pathway. Two of these features are regions
ure3 shows the plan view (a and c) and the time-height crossyhere, due to the random components of the model, the path-
section (b and d) of the positive particles from the forward (aways of the forward and backward positive particles differ.
and b) and backward (c and d) model simulations. Figere One such situation occurs during the initial day of transport
and f shows the plan view and the time-height cross section(15-16 May) during the ascent from 1km to 3km (above
respectively, of the folded retroplume pathway obtained fromthe core transport pathway shown in panels b and d). The
folding the two model simulations using E¢)( forward and backward maximum particle locations indicated

In terms of the core transport pathway described by thein panel f encompass this region, indicating it is part of the
three products, there was good overall agreement in both theource-to-receptor transport pathway. However, the smaller
horizontal and vertical pathways. All indicated lofting of number of particle trajectories indicate that the probability
emissions to 1-2km in a daytime BL during the first few of transport though this region is very low. The folded retro-
hours of transport. The emissions remained at this altitudeplume correctly identifies this low-probability region with a
after the transition from a deeper continental daytime BL tofairly small PMR, colored with darker greens and black. The
a shallow nighttime marine BL left them located in the FT. second region where there is a difference between the for-
Once in the FT, the emissions experienced slower ascent taward and backward particle trajectories occurs during the last
about 3 km for approximately 1 day, where they remained forhalf of 16 May, when two forward positive particles stray
another day. Finally, during the last 2 days of transport, thebelow the core transport region (panel b). The very small
emissions experienced a gradual descent from 3 km to the reaumber of trajectories from the forward model here indicates
ceptor at 2-2.25km. The horizontal pathway shows that thehat this region is not part of the primary source-to-receptor
emissions traveled northward along the coast to Nova Scotransport pathway. The third feature is the presence of a few
tia, then traveled southeast before heading northeast agaiocells with a non-zero PMR that are entirely outside the limits
toward the receptor. The common transport described by albf the positive particle pathway (i.e., a false positive PMR).
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Fig. 3. The plan view and time-height cross section of the positive particle trajectories from the forward simulation are shown in blue in
(a) and(b), respectively. The plan view and time-height cross section of the positive patrticle trajectories from the backward simulation are
shown in magenta ifc) and(d), respectively. The plan view and time-height cross section of the folded retroplume are shown in ge¢en in
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 (c), 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.

These cells are all adjacent to the positive particle pathwaylume. The behavior of the UMRs can also be used to de-
and contain only a small PMR (generally less than 1% of thetermine the degree of agreement in the transport as described
maximum PMR and roughly 1% of the UMR). We show be- by the forward and backward model. As discussed above,
low that a blurring of the transport pathway up to one grid the UMR should be constant if no emissions are added to the
cell in size is the result of the use of gridded data. In sum-model between time steps. Since we use a puff of emissions
mary, this evaluation indicates that the folded retroplume cor-for this evaluation, the UMR should be constant at all times
rectly identified the pathway of all but a small fraction (in between release and arrival at the receptor. Thus, deviations
this case, 3%) of the source-to-receptor pathway, with errorgrom the expected UMR (i.e., a non-constant UMR) indicate

of up to about 1 grid cell in location. when there are differences in the transport described by the
forward and backward model simulations.
3.2.2 Detailed evaluation of the UMRs Figure 4 shows the UMRs at each upwind time for the

folded retroplume. The left-hand axis indicates the abso-
The UMRs are another important component of the foldedlute UMRs (pptv CO), and the right-hand axis indicates
retroplume as they can be used to estimate the timing anthe UMRs normalized by dividing by the last UMR be-
rate of emissions into or removal of trace substance from thdore arrival. (Any of the UMRs could have been used for
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This investigation determined that the low UMRs resulted
from minor displacements (less than the size of a grid cell)
between the groups of forward and backward positive parti-
cles, specifically in regions with a high mixing ratio or sensi-
tivity gradient. For the transport scenario examined here, the
forward CO plume near the receptor (time period 4 in B)g.
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 par-
ticles 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
CO, resulting in a very small PMR in those cells and a nega-
Fig. 4. Upwind mixing ratios (UMRs) at each transport time be- tVe bias in the calculated UMR. A similar case can be found
tween departure at the source and arrival at the receptor for thdh period 3.
evaluation simulation. The bottom axis indicates the date while the Around period 2, the roles of the sensitivity and CO plume
top axis indicates the upwind day number. The left-hand axis indi-begin to change. Around this time, the sensitivity plume
cates absolute UMRs and the right-hand axis indicates the relativgplits (as it is followed backward in time), with one portion
UMRSs, normalized by the last UMR. Numbers and vertical dotted heading northeast and another portion (WhICh contains the
lines indicate periods discussed in detail in the text. positive particles) heading southwest, towards the receptor.
Meanwhile, the CO plume (as it is tracked forward in time)
o . is also in the process of splitting in two. One portion is the fil-
Eggﬁ:{ﬁ?gg{of’mu;t\i’!i (C)??EZ ;?rlsm\;aslgebebtaceiur??hEzhz;%gﬁgmem that evgntually travels to the receptor, and the other is
time and the arrival time in the receptor due to the calm me’:athe !a}rger portion that travels northegst from the source. The

. : _ ositive forward and backward particles were still slightly
tﬁorologm?ll scenalr(;ot.) As al re|SU|t(,lefo;]0uf|d clos(;aly re‘Te.sengisplaced from one another. However, they were no longer
E:oichjl\geR;azrir:glveO;whilz ?r? ti]uea;teece;)tt)rececl’lr\;var simulation Iocated_ at the gdge of their respgpt_ive plumes, aqd thus no

: longer in a region of a high sensitivity or CO gradient. As

There are clearly S|gnn_‘|cant variations In th_e UMR val_ a result of these conditions, the UMRs around this time are
ues, approximately 35% in the negative direction and a lit-
. " S ., __closer to the expected value.
tle more than 45% in the positive direction. We consider . . o
: . o Closer to the source region, however, a different situation
two possible causes for these deviations. These deviations ; : o : k . :
. e . S results in UMRs with a positive bias. First, there is again a
can be the result of irreversibility, which would indicate that

large CO gradient (as in the other periods). However, now

the forward and backward simulations are not simulating the ) . : )
there is a relatively large concentration of negative forward

same transport. Irreversible transport can be caused by one . . )
or more of a number of factors, including the violation of particles in these cells, because the plume has not dispersed

the well-mixed criterion Thompson 1987, not maintain- much ye.t._ Second, the sens_mwty plgmg was more dispersed.
. ) . : The positive backward particles reside in more cells and are
Ing a consistent representation of the mass of particles Jistributed more uniformly than the positive forward parti-
air density changed.in et al, 2003, and errors induced by y P P

. . . . cles. As a result of the these two factors, the positive back-
the interpolation of meteorology between grid poirgsohl . . .
. : . ward particles are located in cells with a large number of
1998. The two positive particles that stray from the primary ; ; o .
L . o negative forward particles. The sensitivity plume is there-
transport pathway and do not coincide with positive back- : . T . T
. i ; ) fore combined with significantly higher CO, resulting in a
ward particles may indicate that a small portion of this event, . ) o
S . higher UMR. As the trace substance will be ubiquitous very
is irreversible. However, the overall agreement between the . . . A
o . : Co e hear source regions in most model scenarios, this situation
forward and backward positive particle trajectories indicate

may occur frequently when UMRs are calculated close to the

that the primary transport pathway described for this event is .
source region.

reversible. Another source of these deviations could be the
presence of sub-grid gradients in the CO or sensitivity fieId3 3 The impact of various model settings on the folded
that are lost when gridded fields are calculated. In order to™ retroplume
investigate this potential, we conducted detailed inspections
of the CO concentrations, sensitivity, and PMR fields andMany model settings can affect how well transport is de-
the distributions of the positive and negative particles in thescribed, affecting the correlation between model simula-
vicinity of the positiye pgrtic_les at several times, marked bytions. Additionally, the way in which the output is saved
the dotted vertical lines in Figt. can affect the number of positive and negative particles that
are identified as being colocated. As the evaluation above

05/15 05/16 05/17 05/18 05/19
date
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Table 1. Model settings used for evaluation.

Parameter name Setting options

Averaging On and off
Temporal output interval 13 and6h
Spatial output gri#l 0.51 1.0°,and 2.0
Kernel On and off
Internal model time step ifine and ctl 5 and'3d

75006 and 500 008
2500 and 20 0089

Number of forward particlés
Number of backward particl€s

1 |dentified as preferred model settings for folded retroplume.

& Used for both latitude and longitude simultaneously.

b Used for both ifine and ctl simultaneously.

€ High and low number of particle pairs only run together.
d Resulted in 20-40 positive particles.

€ Resulted in 250-625 positive particles.

f Resulted in 25-35 positive particles.

9 Resulted in 250-650 positive particles.

R. C. Owen and R. E. Honrath: Lagrangian plume tracking

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 2.5 days upwind, relatively flat at approximately
3 days upwind, and very high at 4 days upwind, near the
source. The higher positive bias in the UMR near the source
region was present in all scenarios, indicating that no partic-
ular setting can help resolve this issue. This is not surprising,
given the cause of this issue discussed in S&2t2 The ab-
solute value of the UMRs varied significantly with changes
in the spatial size of the output grid, the frequency of out-
put, 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 num-
ber of particles were chosen so that forward and backward
simulations both had roughly 30 or 600 positive particles for
the small and large number of total particle sets, respectively.

The lower number of particles was sufficient to return an ac-

gcurate 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 the forward
gimulations.

demonstrated, these factors can in turn significantly affec
the folded retroplume UMRs. We have evaluated the im-
pact of the model settings listed in Tadlaipon the folded
retroplume pathway and UMRs. We used the same releas
scenarios used in the evaluation, with every possible combi- . C

. . . U . : . 3.3.3 Spatial grid sizes
nation of the settings in Table(144 simulations in total) in P 9

order to assess the impact of each model setting on the rerpe sjze of the spatial grids can affect how positive and neg-
sulting folded retroplume pathway and UMRs. By running ative particles are associated with one another. A larger grid
all possible groupings for these settings, we are able to evalee|| can either increase or decrease the UMR, depending on
uate the impact of changing one setting across all other pospe circumstances. For example, consider a cell that extends
sible settings. The model settings that were identified as th‘?/ertically from the surface into the FT, in a case in which
best settings (i.e., produced the most accurate pathway anfe pollution plume that would reach the receptor was trav-
UMRs) were used in the evaluation presented above. Heres|ing in the lower FT. This would result in all the positive
we discuss the degree to which use of other model settinggyrward and backward particles residing in only the top half
changed the evaluation results. of the cell. If this cell were over an emissions source, then the
lower portion of the cell would have a large number of nega-
tive forward particles, released from the surface source. The

Across all the model settings, the folded retroplume pathwa))Jse of this single c_eII would resuit in a.signi_ficant overesti-
was qualitatively similar to the results presented in the eval-mate of the PMR, since the forward particles in the BL would

uation above. Larger output grid sizes naturally increaseobe included in the calculation. However, if this cell were not

the size of the folded retroplume pathway, as the cells on th&Ver an emissions source and the bottom half of the cell had

edge of the pathway were larger. The use of time-averageéLo forwarq particles, the result would be an un_derestimate of
output produced a mild ghosting effect, which is the super-t e PMR |p_th|s cell, as the_larger cell would dllutc_a the mass
position of negative particles that are located in the sameOf the positive forwar d pgrtlcles over a larger region, giving
cell but at different times during the averaging period. Thus, & smaller mixing ratio, without affecting the sensitivity. In

when averaged output was used, the folded retroplume pathQur analysis, the resulting UMRs either stayed the same or

way tended to be larger, with the occurrence of a few falsedecreased by 5-10% with each increase in the grid cell size,

positive PMRs along the edge of the transport pathway. De;ﬂoug_r:jth(alldgcrease _in the UZA$S%V;S?m(¥E pr?nounced as
spite these two issues, the resultant folded retroplume patht- egridce d3|ze wfas mpdregse df>rf1° - [herelore, we
way correctly identified the core transport pathway taken byrecommen use ofagrid size '

the positive particle for all settings.

3.3.1 Folded retroplume pathway
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3.3.4 Averaged or instantaneous values and the length priately corresponding to high- and low-probability transport
of averaging period regions. As a result, the folded retroplume pathway appears
to be a robust product, even when differences in transport
The folding method we propose depends on the colocatiorbetween the forward and backward model are indicated by
in both time and space of positive particles in order to suc-variations in the UMRs.
cessfully identify cells that contain the trace substance that
will travel between the source and receptor. As noted in
Sect.3.3.] time averaging produced a ghosting effect and4 Sample application
produced false positive PMRs. This ghosting effect also pro-
duced a positive bias in PMRs within the folded retroplume In this section, we present a sample analysis that contrasts
pathway, when, over the course of the averaging periodthe folded retroplume method with traditional methods us-
an output grid cell spanned a region that included both theng only standard gridded LPDM products. The analysis will
plume of interest (positive forward particles) and forward- serve to provide an example of the advantages of the folded
model CO that did not ultimately reach the receptor (nega-retroplume method over traditional LPDM analysis methods.
tive forward particles). This could occur, for example, when The sample analysis will again focus on the transport of US
a sensitivity plume was located along the edge of the COemissions to the Pico Mountain observatory, examining the
plume. The ghosting effect could cause the sensitivity plumetransport scenario for an event observed at the Pico Moun-
to sample portions of the center of the CO plume, resultingtain observatory from 21-23 April 2005. During the event,
in higher UMRs. Longer averaging periods can increase theCO mixing ratios ranged from 120-180 ppbv, approximately
likelihood that this ghosting effect can occur. At the short- 30—90 ppbv above the typical springtime background at the
est averaging period of 1 h, the averaged and instantaneowsation, while FLEXPART indicated enhancements of 20—
UMRs differed only slightly. The UMRs increased signifi- 50 ppbv of CO. Ozone, nitrogen oxides, and non-methane
cantly as the length of the averaging period increased, witthydrocarbons were also elevated during this period. The
the UMRSs roughly doubling at all times at each time inter- event is the second of two events discussetibgrath et al.
val increase. If UMR values are to be used quantitatively,(2008.
we recommend instantaneous fields over averaged fields for As with the evaluation simulations, we use FLEXPART
afolded retroplume. Instantaneous values, however, increasgersion 6.2, driven with ECMWF meteorological data, with
the stochastic uncertainties of the output field. Since the 1 INorth American CO emissions based on the EDGAR inven-
averaged output and the instantaneous output were quite simery (see Sect3.1 for more details). For the sample analy-
ilar, a short averaging period (e.g., less than or equal to 1 h}is, we chose settings that are fairly typical of FLEXPART
may also be a good option, as the averaged fields will re-applications, even though they deviated somewhat from the
duce the stochastic uncertainties without affecting the UMRsrecommendations above, especially in terms of the averag-

greatly. ing period used. CO emissions were released continuously
over North America into the lowest 300 m of the atmosphere
3.4 Summary of evaluation and carried in the model for 20 days, after which time they

were dropped from the simulation. Particles for the back-
The transport pathway evaluation indicates that the foldedyard simulation were released over a 1-h period centered
retroplume does a good job of restoring the source-to-on 21:00UTC on 21 April, into a box bounded by 38—
receptor transport pathway and that this pathway is quite ro3e N latitude 29-28 W longitude, from an altitude of 2000—
bust over a variety of model settings. The UMR evaluation, 2500 m a.s.|. The output was saved orf & 1° grid, with the
however, indicates that large gradients in either the trace sulxop of the output levels at 0.3, 1, 1.5, 2, 2.5, 3, 4, 5, 7.5, 10,
stance or sensitivity field combined with minor differences and 15km. 6-h averages were saved and the sampling ker-
in transport can significantly impact the UMRs. We also nel was used. Particle trajectories from the backward model
found that the ubiquitous nature of the trace substance in thgimulation were also saved and were used to confirm that the
source region in combination with a well-dispersed sensitiv-folded retroplume correctly captured the transport pathway
ity plume can lead to positive deviations in the UMRs. The of emissions between the source and receptor during the last
use of larger grid sizes or an averaging period greater thaig days of transport.
1 h can significantly degrade the accuracy of the UMRs, re-
sulting in bias (mainly positive). 4.1 Comparison of the folded retroplume pathway with

One important result from the evaluation is that significant standard LPDM products

deviations in the UMRs did not correlate with significant dif-
ferences between the folded retroplume and positive particl& he sensitivity plume (Figsa and c¢) shows fairly well or-
transport pathways. Whether the UMRs were high or low, theganized transport originating over the US west coast about
correct cells were generally identified (i.e., the cells with pos-7 days upwind. It also shows some sensitivity over a sec-
itive particles), with the core transport and fringe cells appro-ondary region in the Central US, from Texas to the Great
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Days Days

Fig. 5. The time-height cross section andb) and plan viewsd andd) of the sensitivity plume (red, a and ¢) and the folded retroplume
(green, b and d) for the sample analysis. The plan-view color scales are based on the maximum specific volume weighted residence
time (3.1s n kg_l) 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 time-height cross sections are normalized by the maximum value at eacl
upwind time.

Lakes. Since the age of this secondary region is not apparentetroplume and sensitivity plume indicate virtually identical
snapshots of the sensitivity would be needed to determine itsransport, which is not surprising since the sensitivity indi-
age. The time-height cross section shows that the sensitiveates little dispersion in the last 2 days of transport.

ity plume was in the lower levels of the atmosphere, where In order to examine the causes for the differences between
it would be able to pick up emissions if they were present,the standard and folded retroplume and to further demon-
from about 6.5 to 4 days upwind. At 4 days upwind, the bulk strate the utility of the folded retroplume, in Figwe show

of the sensitivity plume experienced relatively rapid uplift to snapshots of the sensitivity plume (left column) and the
the lower FT, where it stayed until arrival at the observatory.folded retroplume (right column) plotted with contours of the
Thus, from these views of the sensitivity plume, one couldtotal column CO from the forward simulation (blue lines).
conclude that the bulk of emissions would have been pickedsnapshots are shown for 7(a and b), 5(c and d), 4(e and f),
up during the leg of transport from the US west coast to Cen-and 3(g and h) days upwind. For consistency among these
tral, Northern US (i.e., between the 6 and 4 in F3g). A plots, we have used the maximum sensitivity and PMR from
map of the source contributions (i.8.5; S;..(j. Ej, from  all 4 plots for the color scale maximum.

Eq.7, not shown) would show the true sources, primarily the We have selected contour levels and color scales forg-ig.
Central US and only partly from the US west coast. However,that approximate typical usage for the CO and sensitivity
tracking the emissions once away from the primary sourceplumes (e.g.Trickl et al,, 2003, as some arbitrary selection
region would be difficult due to the low sensitivity between of these settings was required. In some cases, it may be pos-
this region and the compact transport pathway that occursible to adjust the contour levels and color scales such that
starting from approximately 2.5 days upwind. features that were originally not apparent become visible.
Often, however, this would result in confounding other areas

In contrast to the sen5|_t|V|ty plume_, the transport leg from of the figure. Additionally, adjusting these settings for each
the west coast aimost disappears in the folded retroplum%na shot and product is not a realistic analysis approach and
(Fig. 5b), indicating this transport pathway actually carries P P Y PP

quite often would require the analyst to have a prior knowl-
only a small amount of theltra}ce substance. The folded retroedge of the feature they are trying to identify (from, e.g., the
plume shows that the emissions travel slowly northward in

. folded retroplume or particle trajectories). Thus, it is rea-
th.e lower atmospherg from upwind day 710 2. At 2 days.uD'sonable to assume that the features identified by the folded
wind, all of the emissions were transported out of the BL into

the lower FT, significantly later than indicated by the Sensi_retropl_ume but not _the stgndard products, as presented here,
would indeed be missed in most analyses of this type.

tivity plume. During the last 2 days of transport, the folded
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Fig. 6. The plan view of snapshots of the horizontally integrated sensitivity plume (red, left column) and the folded retroplume (green,
right column) with forward CO contours (blue lines, left and right columns) a &ndb), 5 (c andd), 4 (e andf), and 3 § andh) days

upwind. Sensitivity plume color scale based on the maximum specific volume weighted residence time for all 4 plot§ k8-1'3.nfrolded
retroplume color scale based on the maximum PMR for all 4 plots (1.5 ppbv). CO contours at 10, 20, 30, and 60% of the maximum column
CO for all 8 plots (400 mg/).
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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 would
completely overlap at all upwind times shown in Fig.
which would incorrectly indicate that all of the sensitivity
plume carried emissions.)

By 3 days upwind (Fig6g 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 the trace substance
within the plume is still quite different than the distribution
of the sensitivity field. The folded retroplume and sensitivity
Fig. 7. The UMRs at each upwind time for the sample evalua- plume are virtually identical during the final 2 days of trans-
tion. The UMRs calculated using the appropriate CO age classes arport (shown in Fig5), which is expected, as the sensitivity
shown in green, while the alternate UMRs calculated with the totalplume was very narrow during this period.

CO are shown are black. The cumulative CO distributions from the
forward model (blue boxes) and the backward model folded with4.2 Folded retroplume UMRs
emissions (magenta crosses) are also shown.

The UMR distribution, shown in Fig7 (thick, green solid
line marked with diamonds), can be used to identify details

At 7 days upwind (Fig6a and b), there are significant dif- about the addition of emissions to the plume. Increasing
ferences between the sensitivity plume and the folded retroUMRs indicate the time periods when emissions were be-
plume. The region of sensitivity over the Western US anding added to the plume. The slope of the UMR line during
Eastern Pacific (Figsa) completely disappears in the folded this period indicates the rate at which emissions were added.
retroplume (Fig6b), while the region of sensitivity over the Finally, constant UMRs indicate periods when the sensitiv-
Central US is emphasized, with relatively large PMRs. Con-ity plume was not located over source regions. (Note that
sidering the overlap of the sensitivity plume over the Centralif removal processes were included, decreases in the UMR
US with the CO contours, the lack of CO in the western lobewould identify times during which removal occurred, though
of the sensitivity field, and the altitude of the primary portion the interpretation of changes in the UMR would be compli-
of the sensitivity plume (Figh), this result is not surprising.  cated by the competition between emission and removal. See
However, it serves to demonstrate the cause for differenceSect.5.3for a discussion on this topic.)
between the sensitivity plume and the folded retroplume. The The distribution of the CO mixing ratio age classes in the
emphasized area over the Central US with large PMRs, howreceptor, which can be derived from the forward model (blue
ever, is considerably larger than the area indicated by the serine in Fig. 7) and from the backward model (by folding the
sitivity plume and extends to regions with relatively low CO sensitivity plume with the emissions inventory, magenta line
levels (i.e., it extends beyond the area enclosed by the Cn Fig. 7), provide another means to determine the details
contours). about the timing and rate of the addition of emissions to the

At 5 days upwind (Fig6c and d), there remain signifi- plume. Therefore, a comparison of these distributions with
cant differences between the sensitivity plume and the foldedhe UMRs can help evaluate how well the UMRs accomplish
retroplume. The eastern lobe of the sensitivity plume haghis task by differentiating between changes in the UMRs that
grown larger. The western lobe of the sensitivity plume now result from differences in transport and those that result from
shows up in the folded retroplume, as it has picked up someémissions (and/or removal, were it used). Since the folded
emissions over the Western US. In the absence of selectivel{etroplume samples the forward simulation, the UMR at
picking contours and color scales, it would be impossible todays upwind should equal the sum of the CO mixing ratio
identify the western lobe as contributing to CO transportedade classes from the forward model that are greater than
to the receptor, as the sensitivity plume and selected CO cordays old:
tours do not overlap. A

By 4 days upwind (Fig6e and f), the pr_ir_ngry eastern UMRI“ZXLU’)J’ (8)
and secondary western lobes of the sensitivity plume and =

PMR fields have merged. A significant portion of the folded _ , ,
g g P whereA ; is the number of days the trace substance is carried

retroplume is now outside the CO contours. (That is, this. the f d model i< the CO mixi tio of
feature would be missed using the standard products showW the Torward modely, (j).i 1S . € mixing ratio of age
in panel e or by using superimposed contours of the sensi- (in days) in the receptor cellj{), and the sum is over all

tivity plume and forward output alone, like those shown in available CO mixing ratio age classes in the cell
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The relatively small change in the UMRs and CO distri- mixing ratio obtained from simulations of backward model,
butions from 0 ppbv to about 5 ppbv during 20 to 10 daysinitiated at the Pico Mountain observatory, convolved with
upwind indicates that, during this time, the majority of the the emissions inventory. The comparison included approx-
plume was not over an emissions region. From 10 to 4 daysmately 6000 CO mixing ratios, covering 2 years worth of
upwind, however, the UMRs (green) and sensitivity-deriveddata.) The UMRs are in fact bounded by the forward and
CO (magenta) increased by about 17 ppbv and the forwardbackward CO distributions, which are derived from estab-
CO increased by about 20 ppbv (about 62% and 72% of thdished modeling methods. This suggests that the deviations
final UMR, respectively). This increase indicates that this isin the UMR during these times are reasonable.
the time period when the plume was over the emission region Archiving the full spectrum of forward trace substance age
and CO was actively being added to the plume. Between lasses can require a significant amount of storage space. For
and 4 days upwind, the emission rate was fairly constant, athe example presented here, we saved CO age classes at a 6-
about 2 ppbv/day according to the UMRs. During the lasth resolution for the whole Northern Hemisphere in order to
3 days of transport, however, CO distributions are relativelyappropriately match sensitivity and CO mixing ratios. (This
flat, indicating the plume was no longer in the emissions re-one-month simulation required 15.5 GB of storage.) As a re-
gion, in agreement with the location of the folded retroplume sult, it is preferable for storage reasons to save only the total
shown in Figs5 and6. The UMRs are also relatively flat be- CO mixing ratio. To evaluate the effect that this would have
tween days 3 and 2, closely following the sensitivity-derived on the UMR results, we have included the UMRSs resulting
CO distribution. Between days 2 and 1, however, the UMRsfrom PMRs calculated by folding the sensitivity plume with
increase significantly, coming closer to the forward CO dis-all available CO mixing ratio age classes. Thus, Ej.be-
tribution, and are flat again, following the CO from the for- comes

ward simulation during the last day of transport. Af
In order to understand the differences between the UMRspMRI. =Si (1) Z Xj.ti- (9)
and the forward CO mixing ratio distribution (23—24% from ‘ -

upwind day 7 to 2), we conducted an inspection of the CO  thage MRS are shown in Fig.(black line marked with

plume, folded retroplume, sensitivity plume, and positive gerisks). They match the other UMRs quite well during the

particles from the sensitivity plume during days 2-7 (not 54t 10 gays of transport. However, from upwind days 10 to
shown). This inspection revealed several features that, t°20, there is an obvious positive bias in these UMRS, result-

gether, explain these low UMRs. First, the positive particlesing from the sensitivity being folded with CO that will be

were not collocate_?f with the.arias with the m"j‘)('rr‘L"T‘h'D'\fR’dropped from the forward model before it can be transported
indicating minor differences in the transport between the for-y, e receptor (i.e., the particles will reach the maximum age

ward and backward model simulations. Second, the gradientoed and will thus be dropped from the forward simula-
in the forward CO mixing ratio is fairly _Iarge over the area tion). Since we are mainly interested in the lat0 days of
covered by the folded retroplume (varying by about 40% iny.5nqn0rt when the bulk of the emissions have been added to

the horizontal direction and about 85% in the vertical direc- e n1yme and transported to the receptor, this would not be
tion). The evaluation in SecB.showed that in situations like 5, issye with the example presented here. Deviations of the
this, with a large gradient in either the sensitivity or trace |\ rq of this kind are most likely to occur at the greatest up-
substance plume, the UMRs can be sensitive to minor disqinq times, when very old CO emissions can be folded with

placements i_n the positive parti_cle locations. sensitivity many days upwind of the receptor.
The magnitude of the deviations of the UMR can be put

into perspective by considering the magnitude of the dis-

agreement between the forward CO mixing ratio age clas$ Alternate backward LPDM combinations

distribution (blue line in Fig7) and distribution derived from

folding the sensitivity with the emissions inventory (magenta The method we have presented uses the transport sensitivity
line in Fig. 7). The differences between the forward (blue) from the backward formulation of a model to estimate the lo-
and backward (magenta) derived CO distributions is partiallycation and distribution of the trace substance in the forward
the result of the differences in transport described by themodel that will eventually arrive at the receptor. This is only
two model simulations (and partially the result of differences One of many potential applications that combine the trans-
in the number of particles used$eibert and Frank2004 port sensitivity from a backward LPDM with gridded fields
showed that even with a short travel distance, the differencdrom a number of sources. The simplest example, given by
between the two can be in excess of 10%. The differenceSeibert and Frank2004), is the convolution of the sensitiv-
between the CO derived from the forward output and back-ty plume with an emissions inventory to determine the age
ward Output convolved with the emissions in\/entory is not class distribution of the mixing ratio of the trace substance in
abnormal for FLEXPART, based on our own comparison of the receptor cell. Here, we discuss a few possibilities that fo-
the two. (Our ana|ysis consisted of a Comparison of the totalFus on the calculation of UMRs and similar estimates of the
CO mixing ratio obtained from the forward model to the CO Physical attributes of the sensitivity plume at upwind times.
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5.1 Chemical transport models mospheric composition derived from satellite observations or
from intensive in-situ aircraft sampling could be analyzed by
UMRs calculated from the folding of a chemical transport folding with the backward LPDM results to obtain UMRs. In
model (CTM) with the backward LPDM would allow for an these cases, the evolution of the air mass could be examined
evaluation of the mixing ratios in the portions of the CTM as it traveled to the receptor by comparing the UMRs over
sampled by the sensitivity plume. This would give an esti-time.
mate of the chemical transformations occurring in the CTM
from the Lagrangian perspective provided by the sensitiv-5.3 Wet and dry removal
ity plume and would provide insight into the chemical and ) )
transport processes in the CTM. A similar application, in T.he d|§cu53|on of the method has thus far focused only on
which the adjoint of transport was used to sample a CTM Was&mu!atlons that do not include any remqval processes (i.e.,
given byVukicevie and Hes€2000 andHess and Vukievic passive trace substanpes). The |ncl_u3|on qf re_mO\_/aI pro-
(2003. Vukicevic and Hesg2000) determined the adjoint C€SSeS, _however, has |rr_1porta_nt and interesting implications
of the CTM HANK to find the transport sensitivity of a non- bgt requires careful conS|derat|or1. Generally, rem_oval should
reactive trace substance. These sensitivity fields were equivéither be included or excluded in both of the paired model
alent to those obtained from a backward LPDMess and ~ Simulations. By comparing the UMRs from two sets of sim-
Vukicevic (2003 then folded the adjoint sensitivity fields Ulations —one from two simulations with no removal (sub-
with output fields from the forward mode of the CTM to SCriptnr — UMR,,) and one from two simulations with re-
compute UMRs (or, as described bjess and Vukievic moval (supscnptur - UMR,,,), the t|.m|ng of removal can
(2003, the sensitivity-weighted average of these fields). be detgrmmeq. For example, consider UMRs calculated at
In order to calculate UMRs from a CTM, ideally, the ad- thrée time periods, one close to the sourgepne near the

joint of transport in the CTM would be used because trans-"€CEPLOr/,, and an intermediate time;, If no emissions are

port would be described the same in both model directions@dded to the air mass fromto,, then UMR, will be con-

However. the backward LPDM is also an attractive alter- Stantat all three times. However, if removal occurs between

native, particularly when the adjoint of the CTM is not al- eithers; andy; or 1; andz,, then UMR,, will decrease af-
ready available. The UMRs calculated in this manner will ter the removal has occurred. Therefore, a comparison of the

equal the mixing ratio in the receptor if the LPDM and CTM 'two UMRs will indicat.e the timing .of removal. Once the tim-
transport are sufficiently similar, no emissions are added, ndn9 has been determined from this method, the BjMRcan

chemistry occurs, and, if a passive trace substance is usdef compared with the PMRs to identify where this removal

in the LPDM, no removal has occurred within the plume. occurred.

The agreement of transport between the CTM and LPDM

pould be tgsted by comparing forw_ard model s?ml.JIations USs Practical considerations

ing a passive trace substance and identical emissions sources.

Changes in UMRs over time can thus be used to evaluate thghere are a number of practical considerations relating to the

net impact of emissions, removal and chemistry in the CTMmodel settings and parameters that should be taken into ac-

from a Lagrangian perspective. count when creating folded retroplumes. Two of the most

important of these are discussed in this section and are ex-

5.2 Meteorological fields, measurement and satellite pected to be of the greatest interest to readers wanting to

data, and other applications conduct their own calculations of this type. This discussion

) o . . is limited to the LPDM FLEXPART, but may be applied to
Other potential applications exist, since any data that argner similar models by analogy.

available on a 3-D grid can be combined with the back-
ward LPDM to calculate sensitivity-weighted fields. Such 6.1 FLEXPART output time stamp
3-D data include meteorological fields, high-resolution mea-
surements, and satellite data. Folding meteorological fielddn FLEXPART, the output is saved at the end of the averaging
with the backward LPDM sensitivity provides the sensitivity- period. The forward and backward model simulations, how-
weighted upwind meteorological conditions for the sensitiv- ever, are integrated in opposite directions in time. Thus, if
ity plume (e.g., the average temperature of the plume at eachveraged (normal) output is used, in order to appropriately
upwind time). This could be useful for determining the phys- match the model output, the length of the output interval
ical conditions of the air that will ultimately reach the recep- must be added to the backward model output times, before
tor, which can be used to drive chemical reactions in a La-identical forward and backward times are selected for fold-
grangian box model (e.gEvans et al.2000). ing.

UMRs calculated from atmospheric measurements pro-
vide an additional estimation of the chemical and physical
properties of a plume upwind of a receptor. Fields of at-
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6.2 Output unit options the evaluation simulations. However, significant variations
in UMRs were found to occur across all model settings. The
The derivation presented in Se2tlused the volume mixing best model settings produced UMRs that typically deviated
ratio and a form of the sensitivity that also has units of mixing from the expected value by 20-40%, while other model set-
ratio. Neither of these units are native to FLEXPART. Here, tings produced deviations exceeding 100%. These deviations
we discuss native FLEXPART output units that can be pairedresulted primarily from errors induced by using gridded data
along with some conversion factors, to obtain UMR units of when large gradients in the trace substance and sensitivity
volume mixing ratio. One such pairing is the mass missingfields were present and as well as minor differences between
ratio for the forward mode (with model settings isdurce=1  the source-to-receptor transport described by the forward and
and indreceptor=2) and the residence time from the back-backward model simulations. The test simulations, however,
ward mode (indsource=1 and ingeceptor=1). In this case, provided a rather rigorous test of the folded retroplume prop-
the conversion factor necessary to obtain volume mixing ra-erties, particularly the UMRs, as the evaluation transport sce-
tios are the ratio of the mass of air to the mass of the tracenario produced high gradients.
substance (which serves to convert the mass mixing ratio A sample analysis of the transport of North American CO
to the volume mixing ratio) and the inverse of output inter- to a monitoring station located in the Azores Islands con-
val (which serves to convert the residence time to the mix-trasted the folded retroplume with traditional LPDM analy-
ing ratio sensitivity). (Note, the inverse of the output inter- sis tools. The folded retroplume made it possible to identify
val may or may not be necessary with instantaneous outtransport features that were difficult or impossible to deter-
put, depending on how the modifications are made to themine with the traditional LPDM analysis techniques. The
model code.) Another pair of native FLEXPART output units UMRs proved to be useful as a tool to determine the tim-
is concentration from the forward mode (isdurce=1 and ing and rate at which emissions were added to the plume.
ind_receptor=1) and the specific volume weighted residenceHad the sample analysis included removal processes, the tim-
time (SVWRT, indsource=1 and indeceptor=2). The con- ing and rate of removal could also have been determined.
version factors are identical to the first pair, the ratio of theWe conclude that the folded retroplume is better than tra-
mass of air to the mass of the trace substance and the the iglitional LPDM analysis techniques for determining source-
verse of output intervalSeibert and Frank004 andStohl  to-receptor pathways because it is significantly easier and
et al.(2005 review other potential model outputs. more accurate than the alternative (separately viewing all the
components of the LPDM). The folded retroplume also pro-
vides information unavailable from traditional LPDM prod-
7 Summary and conclusions ucts, such as the location and timing of removal processes
and the spatial distribution of the trace substance between
This paper introduced a new method, the product of whichthe source and receptor.
we call a folded retroplume, that identifies source-to-receptor The large deviations of the UMRs in the evaluation raised
transport pathways using standard gridded products from ahe issue of the reversibility of the transport scenario. Even
Lagrangian particle dispersion model (LPDM). The folded though it was ultimately determined that the transport sce-
retroplume can be used to determine the transport pathwayario was reversible, the issue of the reversibility of any par-
of only those emissions that arrive at the receptor at a desigticular transport scenario is important. While large variations
nated time and to estimate the timing and location of emis-of the UMR can occur under certain conditions even in the
sion and removal processes within the model. absence of irreversibility (as discussed in S8@.2, UMRs
An evaluation was conducted to determine the ability that behave as expected indicate that the source-to-receptor
of the folded retroplume to identify the source-to-receptor transport pathway is correct and that the transport simulation
transport pathway and to consistently calculate the expectedias reversible. The example transport scenario presented in
sensitivity-weighted mixing ratios (upwind mixing ratios or Sect.4 serves to illustrate this idea. The UMRs in the ex-
UMRSs) along the transport pathway. A comparison of theample were within the bounds of the corresponding equiva-
folded retroplume pathway with particle trajectories from lent mixing ratios calculated from the forward and backward
both the forward and backward LPDM simulations showedsimulations, and the folded retroplume pathway was found
that the folded retroplume was consistently able to repro-to agree well with the positive particle trajectories from the
duce the source-to-receptor transport pathway across a widgackward simulation. Thus, UMRs may provide a means
variety of model settings. Minor differences between theto determine when to accept the source-to-receptor transport
folded retroplume and particle pathways along the edge opathway indicated by the folded retroplume as correct. In
the core transport pathway were found, but were limited tothis respect, the folded retroplume may be superior to both
one or two grid cells (typically 10-100 km), a fairly minor a backward simulation and particle trajectories, neither of
difference when compared to the length of the transport pathwhich offers a means to determine reversibility of the trans-
way analyzed (3620km). The UMRs may be expected toport scenario.
be constant at all times between the source and receptor in
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The folded retroplume should be most useful for the analy-ECMWF: Users guide to ECMWF products 4.0, Tech. Rep. Mete-
sis of measurements made in relatively remote regions of the orological Bulletin M3.2, European Center for Medium-Range
atmosphere, where pollution impacts result from emissions Weather Forecasts (ECMWF), Reading, UK, 2005.
that have traveled long distances. In these cases, emissiofgico, R- M.: What is an adjoint model?, B. Am. Meteorol. Soc.,
are often significantly dispersed, and the source-to-receptolrE ’8, 2;77;]5?'1' 19975 Law. K. Wild. J.. Si ds. P. Soai
pathway may be difficult to discern from standard LPDM =Yans: M., Shaficross, L., Law, K., Wid, J., SImmonds, =, Spain,

. L. . . T., Berrisford, P., Methven, J., Lewis, A., McQuaid, J., Pilling,
products. This scenario is relatively typical of many mon-

R . | d h M., Bandy, B., Penkett, S., and Pyle, J.: Evaluation of a La-
itoring stations (e.g.Carpenter et al.1997 andKentarchos grangian box model using field measurements from EASE (East-

etal, 2000 and aircraft-based sampling efforts (e@ooper ern Atlantic Summer Experiment) 1996, Atmos. Environ., 34,
et al, 2001andLewis et al, 2007). 3843-3863, 2000.

The LPDM folding technique can also be applied using theFlesch, T., Wilson, J., and Yee, E.: Backward-Time Lagrangian
backward LPDM to sample fields of mixing ratios, concen-  Stochastic Dispersion Models and Their Application to Estimate
trations, and meteorological data from other sources in order Gaseous Emissions, J. Appl. Meteorol., 34, 12301332, 1995.
to explore gridded data fields in a Lagrangian framework.Han, Y.-J., Holsen, T. M., Hopke, P. K., and Yi, S.-M.: Comparison
When paired with the concentration output from a CTM, the ~ ©f back-trajectory based modeling and Lagrangian backward dis-
method could be used to probe the chemistry occurring in the Persion modeling for location sources of reactive gaseous mer-
CTM within the confines of the sensitivity plume. Applied cury, Environ. Sci. Technol,, 23, 1715-1723, 2005.

Il field h hod Id b ess, P. and Vukevic, T.: Intercontinental transport, chemi-
to satellite or field measurements, the method could be used transformations, and baroclinic systems, J. Geophys. Res.,

to examine the chemical and phySical evolution of a plume 108(D12), 4354, doi:10.1029/2002JD002798, 2003.

in the atmosphere. Meteorological conditions extracted withyonrath, R., Helmig, D., Owen, R., Parrish, D., and Tanner, D.:
the method could be used to understand the conditions expe- Non-methane hydrocarbons (NMHC) at Pico Mountain, Azores:
rienced by an air mass during transport and can be used in a 2. Eevent-specific analysis of the impacts of mixing and photo-
trajectory chemical transport model or box model. These al- chemistry on hydrocarbon ratios, J. Geophys. Res., 113, D20S92,
ternate applications of the technique offer new opportunities doi:10.1029/2008JD009832, 2008.

to study physical and chemical transformations that occur ifkentarchos, A. S., Roelofs, G. J., Lelieveld, J., and Cuevas, E.:
the atmosphere. On the origin of elevated surface ozone concentrations at Izana

Observatory, Tenerife during late March 1996, Geophys. Res.
Lett., 27, 3699-3702, 2000.
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