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Abstract. An important issue in the evaluation of the en- because of its relevance to important environmental, climate
vironmental impact of emissions from concentrated sourcesand health challenges (Corbett, 2003; Eyring et al., 2010).
such as transport modes, is to understand how processes oc-pepending on model resolution the grid boxes of global
curring at the scales of exhaust plumes can influence thenodels have sizes of few degrees in latitudinal and longitudi-
physical and chemical state of the atmosphere at regional anda| directions, and of several hundred metres to few kilome-
global scales. Indeed, three-dimensional global circulationtres in vertical direction. The emissions are usually provided
models or chemistry transport models generally assume thady emission inventories on a 2-D latitude-longitude grid, e.g.
emissions are instantaneously diluted into large-scale grighn 3 regular 1x 1° grid, in the case of surface emissions
boxes, which may lead, for example, to overpredict the ef-(_awrence and Crutzen, 1999; Corbett and Koehler, 2003;
ficiency of NG, to produce ozone. In recent times, various gyring et al., 2007) and on a 3-D latitude-longitude-altitude
methods have been developed to incorporate parameterizgﬂd in the case of emissions in the free atmosphere such
tions of plume processes into global models that are basegs emissions from aviation or from lightning (Velders et al.,
e.g. on correcting the original emission indexes or on intro-1994: Brasseur et al., 1998: Meijer et al., 2000). When doing
ducing “subgrid” reaction rates in the models. This paperthis one implicitly makes the assumption that the emissions
provides a review of the techniques proposed so far in theyre not subject to chemical or physical processes apart from
literature to account for local conversion of emissions in thedijution and that they are instantaneously homogeneously
plume, as well as the implementation of these techniques intjjstributed into model grid boxes; at least these effects are as-
atmospheric codes. sumed negligible. However, in many cases, emissions from
large line-shaped sources (e.g. aircraft, ships or motorways)
and large point sources (e.g. big factories of power plants) re-
1 Introduction sultin local concentrations up to several orders of magnitude
larger than the background concentrations (Schlager et al.,
In order to study the impact of anthropogenic emissions1997, 2006). Most of the chemical reactions and some of
of trace gases on the global-scale atmospheric compositiorhe physical processes non-linearly depend on the concentra-
global chemistry transport models (CTM) or global climate- tions of the species involved (Danilin et al., 1994; Brasseur
chemistry models (CCM) are usually applied (e.g. Cess et al.et al., 1996; Lin et al., 1998; Jaéget al., 1998; von Glasow
1990; Roeckner et al., 1996; Kraagbl et al., 1999; Zeng anct al., 2003; Song et al., 2003b). Therefore, an impact of
Pyle, 2003; Hauglustaine et al., 2004). This area of researcke processes has to be expected when the species are di-
has been investigated over the last two decades mostly fodted into areas of the size of global model grid boxes. For
its relevance to the environmental impact of aviation (con-instance, aircraft NQemissions may result in a higher pro-
sult the reviews by Penner et al., 1999; Sausen et al., 2005luction of ozone when they get instantaneously mixed with
Lee et al., 2010). Application of CTM to study the effects background, since this does not account for the effect that

of maritime transport has also received growing attentionthe efficiency of NQ to produce @ decreases with increas-
ing NOy concentration (Meijer et al., 1997; Kasibhatla et al.,
2003). In the case of maritime transport, these effects are

Correspondence tdR. Paoli even more complicated because of the interaction of NO
BY (roberto.paoli@cerfacs.fr) and SQ emissions with exhaust and natural aerosols and

Published by Copernicus Publications on behalf of the European Geosciences Union.



http://creativecommons.org/licenses/by/3.0/

644 R. Paoli et al.: Chemical reactions and emissions

k

boundary layer clouds (Kasibhatla et al., 2003; Song et aI.,aC
2003a). In recent times different approaches have been mad

to tackle the problem, in particular in the context of study- where N5 is the number of species is the fluid velocity,
ing the impact of aviation on the global-scale atmosphericwhile ¢, Dy, E; and wi are, respectively, the concentra-
composition, e.g. Meijer et al. (1997); Petry et al. (1998); tion, the molecular diffusion coefficient, the emission rate
Kraabgl et al. (2002); Cariolle et al. (2009), but also whenand chemical sources of species The chemical sources
considering ship emissions (Franke et al., 2008; Huszar et algccount for all reactionj = 1, .., N,, contributing to the pro-
2010). All of them are parameterizations, i.e. they do not ex-duction/removal of specigs

plicitly model the processes occurring during the initial dilu-

tion and dispersion of the emissions, they rather mimic the N - e

effect of the emissions on the large-scale variables such a&k = D _Av KjCry, " Cr, M2 = (Ca...Cny) @
mean box concentrations of chemical species. The various j=1

approaches differ in the theoretical concepts how to mimicwhereKj is the rate of reactiori, Av, is the difference be-
the large-scale effects of local emissions. Basically, three difyyeen the forward and backward stoichiometric coefficients
ferent concepts have been proposed so far: Effective Emisyt speciest in reaction j, and k;, andk;, denote the two

sions _Indexes (EEI), Emission Conversion Factors (ECF) a”%pecies involved in reactiof, with v, andu, the corre-
Effective Reaction Rates (ERR). In these approaches, eisponding (forward) stoichiometric coefficients.

ther the emissions themselves or the relevant reactions rates Large-scale atmospheric models do not directly solve
are modified in the chemical transport equations. AIthougth. (1) but an “average” form of these equations, where av-
these methods were conceived or derived for general chemsrage can be interpreted either in a statistical sense as an en-
ical mechanisms, their implementation into global modelsgemple mean or a Reynolds average, or as a grid average over
mostly focused on NQ O3 chemistry. This is mainly due 0 4 |arge computational cell (Galmarini et al., 2008). In the lat-

the fact that NQ-Ogz chemistry is strongly non-linear inside g, case, one can defined a grid-average for any variable
the plume due to the high NCroncentration, and therefore .

their distribution is strongly non-homogenous in the CTM
gridtbo>_(es contai_ning a plume. F_urthermore, plume param-(y ;) — i/ o(y,0)dy ©)
eterizations require a good consistency between the plume Viv
and the global mo_del: vyhile this is relati\(e.ly easy to alChieVewherev and x are the volume and the center of the cell,
for gaseous c_hem|stry_, itis much more dlﬁlcplt for other pro- respectively, and a perturbation around the me4, 1) =
cesses like mlc.rophysws of aerosols/contrails and for hetero&)(X’ 1) —3(x.1). With these definitions, Eq. (1) becomes
geneous chemistry.

This paper is organized as follows: the general conserva(c, . _ —
tion equations for global models in the presence of emissions~ + V- (Cxt) + V- (D, VCy) = Ex + @y (4)
from concentrated sources are presented in Sect. 2. Section 3
gives an overview of the models currently used to representvhere the turbulent or sub-grid scale diffusion is modeled us-
the plume chemical processes. Section 4 presents the maifg classical Boussinesq approximati@u’ = — DV Ci
principles of plume parameterizations for use in global mod-and D; = Dy + Dwrb (in practice D; > Dy in the atmo-
els, while Sect. 5 reviews the results of their implementationsphere). Introducing the total derivative operator
into either GCM/CTM or regional models. The problem of 5
validation and verification of plume parameterizations is dis- % +V.-Up)+V-(D:Vg) (5)
cussed in Sect. 6. Finally, a synthetic comparison among th ot
different methods is presented and conclusions are drawn ifor any variablep, Eq. (4) can be recast as
Sect. 7.

+VA(CU+V - (DyVCy) = Ex+ay, k=1,..Ns (1)

D Ej+ oy (6)
2 General formulation of large-scale models in the

presence of exhaust plumes The grid-averaged emission rafg in the right-hand side of
Eqg. (6) can be reconstructed using inventories of aircraft or
In order to analyze the different techniques developed to inship emissions along prescribed air or see corridors:
tegrate the parameterization of reactive plumes into global _ _
models, it can be useful to examine the global mass balancé&« = El St )

ion rting from th icm nservation laws for . . S
equgto S start gro t gba}sc "’.‘S_S conservation laws 0W|th El; the species emission index asitthe fuel consump-
a mixture of reacting species in a fluid:

tion per unit volume. The grid-averaged chemical soasge
contains various non-linear sub-grid scale terms invol¥¢ipg
andK ;. The sub-grid contribution due to the reaction rates
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Z, = Uy Xt
Uy = 250 m/s (cruise)
Vortex roll-up;
jet/vortex interaction
Vortex regime owh
afew hours
Dissipation regime O
Vortex descent;
Crow(elliptic) instability . . i
‘ Diffusion regime ~~.
Stratification; ~1km
vortex break-up
Wake evolution in four regimes
... to global scales ™
Gerz etal. (1998) Atmospheric variability 9 *
Fig. 1. Sketch of aircraft plume evolution according to the classification of aircraft wakes in four regimes (Paoli, 2010).
can be neglected because of their weak dependence on tem-
perature, i.eK ;o >~ K ;p for any variablep. Hence, averag- )
: . . N,
ing Eqg. (2) and using Eq. (3) yields [ r — _
@(C1,...Cn) = ) _Av, K, Cy,
N Ny =
o = ZAW{] K;Ci, + ZA% K ;Cy,, Cr, V% -
=t /=t + ZA”kj K jCrj, Cky, ©)
Ny L =
+ DA, K G (®) . | |
j=1 G the contributions of chemical sources that depend exclusively

where N/ and N/ (with N, = N/ + N/') indicate the num-

on transported grid-averaged quantities and using Eq. (8),
Eq. (6) can be formally recast as

ber of uni-molecular reactions (y =1, v, =0) and bi- _
molecular reactionsvf, = v, =1), respectively. (Chemi-  DCy  —eff _ —  —

: . . : . —— =E_ +or(C1,..,Cn,)
cal reactions with higher molecularity are not common inthe p; k s
atmosphere and will not be considered here). The first two
summations in the right-hand side of Eq. (8) contain grid-wherefﬁff are modified or “effective” emissions. The sec-
averaged variables that are directly transported by the globabnd strategy consists in parameterizing the sub-grid chemical
model. On the other hand, the last summation contains nonsources such that Eq. (6) becomes
linear sub-grid scale fluctuations of species concentrations

(10)

S i . . ) —_ N//
C; C;  which are in general unknown. If chemical species DC, — _ — — L —eff— —

kjy “k, WHICH AME N G _ & SPECISS Lk B+ @1 (T, T+ Au, K Cry Cryy (11)
are not well mixed within a computational cell (as in the case Dt =

of emissions from concentrated sources) these terms cannot

be neglected and have to be modeled or parameterized. T‘N\F&herefe.ﬁ are “effective” reaction rates. As described in

main strategies can then be developed. The first strategy coRyetail in” the following sections, the two strategies differ

sists in modifying the emissions to take into account the SUb'mainIy in the way they account for the chemical transforma-

grid plume transformations that cannot be resolved by th&jons in the plume. In the methods based on effective emis-

global model. Denoting by sions (Effective Emissions Indices, EEIl ad Emission Con-
version Factors, ECF), the source termsare rescaled such
that concentrations match the values obtained from small-
scale (generally plume) models; hence special care has to be
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Fig. 2. Sketch of ship plume evolution in the marine boundary layer Fig. 3. Multilayer plume model of an aircraft plume. Reprinted
(von Glasow et al., 2003). from Kraabgl et al. (2000b), Atmospheric Environment, Copyright
(2000), with permission.

taken to insure chemical conservation. In the effective re-

action rates (ERR), the reaction rates are modified so that ) o

the overall species production/destruction match the value$S€€ Schumann et al., 1998 for a collection of dilution data

obtained from the plume model without changing the emis-fom several experimental campaigns).

sions, which automatically guarantees conservation. What- Ship plumes are another example of plumes from concen-
ever strategy is chosen, Eg. (10) or Eq. (11) contain averageliated sources (see the sketch in Fig. 2). In this case the
(“bar”) quantities that are known at run time by the global exhausts are released at the ship stack and initially disperse

model, all the external modeling effort is condensed into ei-IN the vertical direction before reaching the top of the ma-
—eff _ —eff rine boundary layer. Afterwards, the dispersion takes place
therE, ork ;.

mostly in the horizontal direction until complete dilution.
This process can strongly depend on the background condi-
tions and in particular on the typology of the boundary layer

o . L as well as the initial buoyancy flux at the stack of the ship
It is important to point out that parameterizations are nOt(Chosson etal., 2008)

:‘niantt tt?] reprO(ljutc;e the adc,tu?l evolutloln of t(ajxrlwaustfpluhmes. The most accurate way to model the evolution of reac-
n fact, the resolution used in large-scale models (a few huny; o sacies in such complex scenarios is to rely on three-

dred 'kilometer.s) does not allow to re§olve the dynamical andy; ansional large-eddy simulations (LES) that cover the en-
physico-chemical processes occurring at the scales of thgye jietime of the plume. However, although feasible, these

plume (which range from meters to a few kilometers onceg;n, j|ations are still extremely demanding of computational

trace gases get mixed with background). This is shown forresources — CPU power, memory and data storage — espe-

?Xamp'e in Fig. 1 which s_ketches the dispersion of exhaust ially if several cases have to be run for a large number of
in aircraft plumes according to the representation propoSeqiitterent conditions. High-resolution LES of reactive wakes

by Gerz et al. (1998). The process is initially driven by the may require up to several million grid-points for tens of

dynamics of the wake vortices generated by the airplane (p”'seconds to minutes plume age simulations (Lewellen and

mary vortex pair). During the first few seconds after eémis-| o\ ajlen 2001a,b; Paoli et al., 2004; Chosson et al., 2008;
sion, the exhaust material is trapped around the wake Vorp, 4o et al., 2010). As detailed in the following sections,
tices (jet regime), which later start to sink by the mutually the alternative to such expensive three-dimensional simula-

'”duced_ downward v_elocny (vortex regime). Par_t of the ex- tions is to rely on plume parameterizations that provide sur-
hausts is detrained into a secondary vortex pair that forms —eff  —eff .
by the buoyancy force induced by atmospheric stratificationmgates for_Ek orkK;". Then, data from detailed LES or
while the majority of exhausts undergoes a complex insta_from experiments can be used to calibrate these parameters.
bility process that leads to the vortex break-up, turbulence

production and release of exhausts in the atmosphere (dissi-

pation regime). In the final diffusion regime the exhausts get

diluted to background level via atmospheric processes (tur-

bulence, radiation transport, etc.) usually within 2 to 12h

2.1 Aircraft and ship plumes

Geosci. Model Dev., 4, 643-667, 2011 www.geosci-model-dev.net/4/643/2011/
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Table 1. Diffusion parameters obtained from in situ measurements (Schumann et al., 1995).

Dpm?s™h  Dym?sh  Dsm?shH  ssH  opom) oy o(m) o5 o(M)

10 0.3 1 0.004 200 50 0
a
3 Representation of plume processes ﬂ = w (C? . c,?) (14)
d[ 9 9

This section examines the different models that have beewvhereV,, denotes the volume of the plume and the last term

developed in the literature to parameterize the processes o Eq. (13) represents plume dilution. In the case of aircraft

curring in plumes like those sketched in Figs. 1 and 2. Theemissions, plume is asymmetric and anisotropic at cruise al-
common feature of these models is that they use a finite (genttude because of atmospheric stratification and wind shear.
erally small) number of parameters to represent the strucA classical way of defining the dispersion of the plume is us-

ture of the plume and the distribution of exhausts within it. ing a matrix of variances that follow a Gaussian distribution

These parameters evolve in time and obey ordinary differenin the plane perpendicular to the flight pa#t:andoy for the

tial equations (i.e. they do not explicitly depend on space),horizontal and vertical variances, amgthe diagonal term of

so in this sense all these models are zero-dimensional. Exhe matrix accounting for the deformation of the plume by

amples of key parameters are the mean concentration withigertical wind shear. Analytical solutions for these variances

the plume in Gaussian plume models, or the mean concentrayere obtained by Konopka (1995):

tion within radial sectors of the plume in Multilayered Plume ) ) 5 s 2\ .o

models that will be described below. An important aspect®; = Uh,o+2<s%o+Dh)f+ (ZSDS+S +0v,0)’

that differentiate these models is indeed the way of repre- 2, 4

senting mixing in the interior of the plume and entrainment  + 55“Dvt (15)

of ambient air from the exterior. The concentrations obtained » 2

from small-scale plume models will be denoted by low-case®v = ov,0 2Dyt (16)

symbols ¢ to avoid confusion with variables; definedin 42 = 42+ (SO—U20+2DS)[_+_SDV;2 (17)

Sect. 2 that pertain to large-scale Chemical Transport Mod- ' ’

els. where Dy, Dy and Ds denote the vertical, horizontal, and
shear diffusion coefficients, respectively, whildenotes the

3.1 Instantaneous Dispersion (ID) wind shear. The subscript 0 in the above equations refer to

a plume ageg when the expansion of the plume can be ap-
This simple parameterization represents the way emissiongroximated by a pure diffusion process (typically the begin-
are usually handled in global models: the emissions are inning of the diffusion regime as discussed in the previous sec-
Stantaneou3|y diluted to the scales of a Iarge control VOlUinon)_ The emissions in Eq (13) should also be interpreted as
(e.g. the computational cell of a global model). Since this pa-g|ready diluted at the spatial scale of the plume correspond-
rameterization does not require any plume specification, onlying to 7. Table 1 summarizes the values of coefficients in
one set of ordinary differential equations for the mean con-gqs. (15)—(17) obtained from in situ measurements (Schu-
centrationSr}(D within the control volume is then sufficientto  mann et al., 1995). The volume of the plume and the cross-

represent the process: sectional areadp can be obtained from Egs. (15)-(16) as
dC]I(D o o (Konopka, 1995):

dt = Bkt or(cy’s - cny) (12) Ap(t) =n2n(ohza\,2—a§1)l/2 (18)
where the first term in the right-hand side means that emis- Vp(t) = Ap(?) Lpath (19)

sions are non-zero only at tinre=rp while the chemical

i whereLpath denotes a reference length along flight direction,
sourcesyy follow the same law as in Eq. (2).

e.g. the distance flown by the aircraft per secohghth=
250 m at cruise speed (Kraabgl et al., 2000b), whitketer-
mines the fraction of the Gaussian distribution containing the

In the Single Gaussian Plume model, two sets of ordinary?XhaUSt and sets the widt.h of the plume. For example, choos-
differential equations are solved: one for the mean concenlnd 2 = 2 corresponds to incorporate 98 % of exhaust (Petry

tration inside the plume,f and one for the background con- €t al., 1998). ) o ) )
centrationc: In the case of ship emissions, the vertical and horizontal

variances of the plume (with respect to the ship direction)
dc,f _r P p a L dVp 13 can be derived by matching Gaussian solutions to empiri-
Tp = Pkt Ok (Cl""CNs> +(% _Ck)vpﬂ 13)  ¢a dispersion parameters (Seinfeld and Pandis, 2006). For

3.2 Single plumes
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Table 2. Diffusion parameters for ship plume dispersion used by 6'°”°/§ ' ' ' ' '
von Glasow et al. (2003) (ad 8 are best guest values). 5‘0“07% reference area i E
E / E
3 / E
« B onom oy om) s.0x107 ¢ .
£ /
075 06 10 5 € soxi07E / 3
< S ;
2.0x107 F S 3
example, Hannat al. (1985) and Song et al. (2003b) deter- , Ox107§~ // P 3
minedoy, andoy by the standard deviations of turbulent ve- ‘ /,/__.f‘
locity fluctuations and the integral time scales of turbulence 0 Emzfez®T : : : : :
whereas von Glasow et al. (2003) proposed the simpler ex 0 ° 0 ° 20 2 *
pressions tinl
_ r * (20) Fig. 4. Evolution of the plume cross-sectioty showing the plume
oh =onol 3 lifetime 7p = #ref that corresponds to the intersecton with the ref-

B erence area . Solid line: tef = 24h; dashed linetes = 18h;
ov = 0v.0 (L) (21) Iong-Qashed Iine:rref: J.Zh. Reprinted fr.0m Petry et al. (1993).
An edited version of this paper was published by AGU. Copyright

fo
where subscript 0 identifies a reference time, for example!-998) American Geophysical Union.

to=1s after emission, while andg are are the plume ex-
pansion rates that depend on the specific atmospheric cont is interesting to rewrite the last term in the right-hand side
ditions. von Glasow et al. (2003) also provided “best guestof Eq. (13) or Eq. (22) in terms of the entrainment rageor
values” of 0.75 and 0.6 fox and 8, respectively, based on its inverse, the entrainment time:
the work by Durkee et al. (2000) (see Table 2). Once the vari- 1 14V, 1 dA
i ; p p

ances are specified, the ship plume area can be reconstructegg= — = ——=——— (24)
using Eq. (18) (withvs=0), in particular taking: = 1/+/8, ® Vpdt Ap di
gives Ap = 7 /8onoy Which corresponds to a semi-elliptical which represents the instantaneous expansion rate of the
cross-section (von Glasow et al., 2003). plume whose evolution can be computed analytically using

The Multilayered Plume model was first developed by Egs. (15)—(19). The above equation suggests that in the limit
Melo et al. (1978) and V&i-Guerau de Arellano et al. (1990) e — O, the plume concentratiaf relaxes instantaneously
as a generalization of the single plume model for aircrafttowards the ambient concentratiof (see Egs. 13 or 22):
emissions. The plume is indeed divided ifp concentric  in this case the single plume models degenerate into the in-
rings or layers in order to represent the concentration disstantaneous dispersion model and Eq. (12) is recovered. It
tributions (see Fig. 3). A number of rings<4N, < 16 has is worth remarking thate is a measure of the instantaneous
been typically used in the literature (Melo et al., 1978; Mei- dilution of the plume and, as such, it does not provide any
jer, 2001; Kraabgl et al., 2000b; Vohralik et al., 2008). In indication about the “lifetime” of the plume, which is a mea-
this model, Egs. (13)—(14) are replaced by the following setsure of the timescale over which exhausts can be considered
of equations for the mean concentratigrinside each ring diluted to background level. As discussed in the next section,

of the plume: this point is particularly relevant to the parameterization of
2d! plume processes into global models whose spatial and tem-
c ; X
% _ Epio + ox (611 wCévS) poral resolutions do not allow to reproduce the entire evolu-
dt tion of the plume.
1dV, i i
+ (el .,CQIL; Ap. .. ANL)__p (22) Instead of modeling the structure of the plume by Gaussian
Vp dt plume theorySchumann et al. (1998) proposed to parameter-

whereA; andV; = A; Lpath are, respectively, the area and the ize the entire evolution of aircraft plumes (including the ini-
| f the Fina:Ve — S°M. v and f i a function that tial non-Gaussian phases dominated by the aircraft wake, see
volume o Vo=,V f Fig. 1), using experimental data of conserved scalars in the

parameterizes the mixing of species across different layerf‘)lume (essentially C@and NQ,). This results in the simple
of the plume (Meijer, 2001; Kraabgl et al., 2000b). The CoON-formula

centration in the outermost layer corresponds to the ambient N

concentrationc,iVL = ¢f, while the overall mean concentra- Ap(r) = Ap(to) <—) (25)

tion in the plume is given by ‘o

I wheretg = 10s. sets the beginning of the vortex regime
Ly, ZNL AV 42 i

1=1% Y _ Za=1%"1 (23) (Sect. 2.1) andip(1p) = 0.88x 107" km* is the correspond-
lNleVz Vo o ing plume area, while = 0.8 is a fit from experimental data.

p_
=

Geosci. Model Dev., 4, 643-667, 2011 www.geosci-model-dev.net/4/643/2011/
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NOX rate — January, emission at 00:00 clim- The plume is then constituted by the air masses with
1e+04 ‘ ' v w concentration in excess with respectifg:
VpZV:C—C“m >0, (29)
0e+00 - Nz e N ——
P N
3 / m;: (c—cim)dVp (30)
£ / Vo
S _fes0s || plume . S . Lo
g [ ambient air wherec indicates the concentration of a conserved species in
= | the plume (e.g. NQ andV is a control volume. The excess
§ _2e+04 H _ of exhaust mase:} decreases monotonically in time until it
S “‘ reaches zero at= fjim, which is taken as the plume lifetime
2 | (see sketch in Fig. 6):
-3e+04 - 8
des0d L] All the definitions of plume lifetime, Egs. (26)—(31), implic-
0.0 10.0 20.0 30.0 40.0 50.0

itly assume that plumes do not overlap. However, in re-
gions of dense traffic individual plumes can merge and the air
masses with high exhaust concentration can have longer life-
time. Meilinger et al. (2005) determined the average plume
encounter time; hours for the North Atlantic Flight Cor-
ridor (NAFC). The airplane flux density in the Corridor
(assumed uniform) is defined as

plume age (hr)

Fig. 5. Evolution of plume and background N@hemical rate. The
plume lifetimer, = tmix is defined as the time when the difference
between the two rates is below a threshold value (Meijer, 2001).

3.2.1 Choice of the plume lifetimerp, N
- P

In the literature, various definitions have been proposed for  Arc
the plume lifetimerp. Petry et al. (1998) suggested to take

(32)

where N is the number of airplane per unit time flying

fp = tref (26)  throguh the Corridor arearc. To obtain the encounter time
1, one has to integrate Eq. (32), impa¥g= 1 and substi-

where et is the “dispersion” time, i.e. the time when the tute Arc with one of the expressions for plume arégin-

plume reaches the dimensions of areference asgaforex-  troduced in Sect. 3.2:

ample the 2-D latitude-longitude grid box of a global model 4

(see Fig. 4). For typical grid resolutions employed in CTM, N, = 1:/ PAp(r)dt (33)

Aret~ 5 x 10’ m? andret >~ 18 h although this value strongly 0

depends on the actual resolution of the global model and ojvhich is an implicit relation in;. If the simple formula

the dispersion parameters of the atmosphere. Meijer (2001)kq. (25) is used forAp, an analytical expression can ob-

Karol et al. (2000) and Kraabgl et al. (2000b) defined thetained:

plume lifetime as

lta \Y@+o
h=nll+ ——— 34
Tp = Imix (27) 1= ( * ¢ Ap(io) lO) 49

wherermiy represents the “mixing” time, i.e. the time when as summarized in Fig. 7. The encounter time is an “objec-
the NQ, chemical conversion rate in the plume and in the tive” definition of plume lifetime in the sense that it does not
ambient air are sufficiently close (in practice, when the dif- depend on a specific plume or global model but only on the
ference falls below a small threshold value, see Fig. 5). Asaverage aircraft flux density (see Fig. 7). The Single Plume
shown by Karol et al. (2000), this time can vary significantly or the Multilayered Plume models should be strictly valid
with the background conditions, the characteristics of the atonly if the diffusion process is efficient enough fgg or
mospheric turbulence and the location of the plume, e.qg. if itsyjx to be lower than the average plume encounter time

is already inside the North Atlantic Flight Corrior (NAFC) or This is generally satisfied: for example, Petry et al. (1998)
outside of it. Kraabgl et al. (2002) chose the life time as theand Meijer (2001) found,es ~ 18 h andtmix ~ 15 h, respec-
minimum between the dispersion and the mixing times: tively, whereas; ~ 48 h (Meilinger et al., 2005). Similarly,

1 = MIN ref. i) (28) in the approach proposed by Cariolle et al. (2009), the plume
p= ref, fmix)- size and lifetime depend on the mixing properties of the
A rather different approach has been developed by Cariolléetmosphere and on the threshold vaiy@ chosen for ex-
et al. (2009) to represent plume dilution. This is based on théhaust concentration. In the case of NGhis threshold is
fact that the non-linear chemical processes within the plumesim ~ 1 ppb and the corresponding, ~ 15 h, which, again,

are efficient up to a threshold value of exhaust concentrations much lower thamn,.
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is defined as the time Whem;g —o. Fig. 7. Schematic description of average plume encounter time,

of a single aircraft in a flight corridor (Meilinger et al., 2005).

&
<

4 Parameterizations of emissions into global models

“(to)

The plume models described above or explicit 3-D large-
eddy simulations can represent the evolution of the plume
at the different levels of sophistication. However, because of
the difference of scales and representation of physical pro- .
cesses, it would be unrealistic to integrate all the information
carried by these small-scale models into large-scale CTM.

For these reasons, a number of simpler parameterizations
have been developed in the literature to reconstruct a limited
(but useful) number of parameters from small-scale models
that can be efficiently used in CTM.

1D,
Cl

crP (to)

4.1 Effective Emission Indexes (EEI)

to ty t
The concept of Effective Emission Indexes (EEI) was intro-
duced by Petry et al. (1998) to provide corrections to instan-Fig. 8. Sketch of the effective emission indices (EEI) model (Petry
taneous dispersion (ID) models where the emitted speciest al., 1998). Dashed black lines: concentration evolution using
are distributed instantaneously and homogeneously over thie 1D model with the original EI; red solid lines: concentration
grid-box of large-scale models. Effective emissions are de-&volution u_sing the S_P moc_iel with the original_ El; red dashed lines:
termined by varying the emissions obtained with 1D models concentration evolution using the ID model with the EEI.
and by comparing the corresponding results obtained with a
Single Plume model (or Multilayered plume model) at the
plume lifetimerp = fref (Se€ Eq. 26) as sketched in Fig. (8).
This procedure provides the variatidw} (10) that has to be  ¢}'° (10) = ¢} (o) — 2, (35)

added to the initial excess of concentration over background,
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Fig. 9. Absolute changes (kg kit) of some key species caused by emission of a B-747, released at 08:00 local time into an unpolluted

atmosphere with plume lifetime is= 18 h. Reprinted from Petry et al. (1998). An edited version of this paper was published by AGU.
Copyright (1998) American Geophysical Union.

to retrieve the correct valuersa=1,. Once this variation is
known, the initial excess of concentratiqﬁD (tp) is replaced
by the corrected excess defined as:

Wi, Act (t0)
EEl(f0) = |~ —{1e | Elyo, (39)
WNoy g, (o)

+ID¢ «ID . whereW; denotes the molecular weight of speciesPetry

¢ (to)=ci~ (10) + Aci (10). (36) et al. (1998) computed the EEI by means of their Sin-
To guarantee the conservation of the modified nitrogen masg!® Plume model that employs the Chemistry Module for
of emitted species like NQ an effective emission index of the Lower Stratosphere and the Troposphere (CHEST).
non-emitted or secondary species like ozone has to be ind NS chemical mechanism is based on the EURAD model
troduced. Then, to obtain maximum agreement with plumeSyStem (Hass, 1991) and considers the transformations of
model results, a minimization procedure is applied to the root:60 SPecies by 160 homogeneous gas phase collision reac-

mean square deviatiah: tions and 26 photolysis reactions (Stockwell, 1986; Stock-
well et al., 1990). Figure 9 shows a good agreement between

Ns [ #1De s ) _ or ) 2 the c}'P (p) andc} (#p) for the absolute changes of some key
F— Z [%} (37)  species, meaning that that Eq. (36) allows the concentrations
=1 ¢ (tp) of the instantaneous dispersion model to recover the correct

F itted ies lik he Effective Emission Ind plume model concentrations at the end of the plume life-
or emitted species like NQthe Effective Emission Index time. Figure 10 reports the time evolution ak; for dif-

is obtained bY simply rescaling the st.and'ard Emission Indexferent background conditions. As a general remark, Petry
so as to take into account the correction in Eq. (36): et al. (1998) found that the corrections to the concentration

Act (1o) obtained with the standard ID method, can vary significantly,
EEl(10) = |:1+ %} Elg,- (38) depending on release time and the degree pollution of the
Cke (t0) background environment. In particular, negative JN&hd

For secondary or non-emitted species like ozone, Effective®Z20ne effective emission indexes were obtained for some

Emission Indices are defined by rescaling the,NEmission  SPecific release times. _
Index as Franke et al. (2008) recently applied the EEI method

to ship emissions using the plume dispersion formulation
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Fig. 10. Relative emission changes for calculating the effective emission indices of some key species into an unpolluted (left) and polluted
(right) environment with plume lifetime is = 18 h (Petry et al., 1998). Reprinted from Petry et al. (1998). An edited version of this paper
was published by AGU. Copyright (1998) American Geophysical Union.

by Song et al. (2003b) and the photochemical box modelspecies, Meijer (2001) defined the excess of mass over back-
MECCA (Sander et al., 2005), which includes 160 gas-phaseround as the difference between the number of molecules in
reactions in addition to 116 aqueous, 61 heterogeneous arttie control volume with and without the aircraft plume:

42 equilibrium reactions for sulfur and sea-salt aerosols.

Both primary emissions and secondary emissions for ozon#;, (t) = Vp(t)(clfe(t) — (1) (41)

and B0, and, in order to maintain nitrogen mass budget, the . . L
corrections of NQ were balanced by effective emissions of while, for non-emitted species the excess of mass is given by

HNO3, PAN and sea-salt aerosol nitrate. They observed that
3 y mi; (1) = V(D) (). (42)

the original NQ emissions were reduced by about 3%, while ~ *ne
ozone and HO, were, respectively, reduced by 700 % and The ECF is then defined as the ratio between the emissions
increased by 5% the amount of emitted N@Bee Fig. 11).  of speciesk and that of all nitrogen oxides NQ(which is

As expected, the relative emission indexes are always negeonstant in time since N@are chemically conserved):
ative due to the fact that they correct the ozone overestima-

tion of the ID model box. The effective emissions of &re mi (1) Cl‘:(,) — (1)
largest for release times during day and smallest during nightECHC(’) =
Once the EEI are computed, the “effective” emissions in
the CTM mass balance equations are reconstructed as The Multilayered Plume model used to compute the ECF
—eff — is described in detail in Meijer (2001). The photochemical
E} =EElk(t0) St. (40) mechanism for the troposphere contains 44 species and 103
reactions, and is adapted from Strand and Hov (1994), with
gas-phase reaction rates taken from De More et al. (1997) and
4.2 Emission Conversion Factors (ECF) microphysics from Krcher (1997). The background con-
ditions correspond to typical values encountered along the
The idea behind the method of Emission Conversion FactoNAFC at an altitude of about 10.5 km (250 hPa), at different
(ECF) proposed by Meijer et al. (1997); Meijer (2001) is to times (respectively 8a.m. and 12 a.m.) and different seasons
determine the conversions of emissions (expressed in term@anuary and July). The ECF are reported in Fig. 13: as ex-
of excess over background) that match the values obtainegected, ECko, decreases while EGE increases as NOs
from a SP model (see the sketch in Fig. 12). For emittedconverted in the plume. For all cases, the net chemical rates

* =7 a . (43)
mNoy(t) CNOy(t)—CNOy(t)

which formally replaces Eq. (7).

Geosci. Model Dev., 4, 643-667, 2011 www.geosci-model-dev.net/4/643/2011/



R. Paoli et al.: Chemical reactions and emissions 653

of NOy and G in the plume shows large destruction rate dur- The plume model developed by Karol et al. (1997) was used
ing the first hours, whereafter the net rate slowly convergego get the PTJ. The chemistry scheme included 85 gas phase
to the net rate in the ambient air (around 10 h). A value ofreactions and 33 compounds without heterogeneous chem-
th=tmix = 15h (see Eq. 27) was then suggested as a conseistry. The plume simulations took place in the 9-12 km layer
vative choice for the plume lifetime. at 50° and 30 N in the upper troposphere and lower strato-
A similar approach was used by Kraabgl et al. (2000b) andsphere inside and outside the NAFC, in January and July.
Kraabgl and Stordal (2000). One difference is that theirThe calculations of PTI confirmed the conclusions given by
chemistry scheme, taken from Kraagbl et al. (1999), con-Meijer et al. (1997) and Petry et al. (1998) that a significant
tains 66 species and 170 reactions, providing a complete depart of NG, components emitted by subsonic aircraft may
scription of the free-atmosphere. In addition, their analysisbe transformed into the NOzomponents in the plume stage,
showed that the NOconversion rates were most sensitive to and that these transformations are mostly sensitive to ambi-
the diurnal, seasonal and latitudinal variations of backgrouncdent air composition (see for example Fig. 16). In particular,
conditions (see e.g. Fig. 14), and then suggested that sudkarol et al. (2000) observed that flying in the warm strato-
variations should be taken into account in the integration insphere and out of flight corridor should reduce the released
global models. Vohralik et al. (2008) recently tested the ECFNOy entering into large-scale and global reservoir of the air-
technique and confirmed the strong dependence gf ¢¢D- craft NQ,.
version into NQ on altitude, latitude and seasonal variations ~ Meilinger et al. (2005) developed a detailed plume model
(see Fig. 15). to analyze the microphysical processes and heterogeneous
The “effective” emissionsl_:",fﬁ in the CTM mass balance chemistry in aircraft plumes, including the formation of per-
equations are reconstructed by rescaling the emissions by thtent contrails. For emitted species, they used the definition

ECF evaluated at the plume lifetimg of PTI in Eq. (47) while for non emitted species, they intro-
duced a slightly different definition, named Effective Pertur-
2" — ECR (1) Ex. (44)  bation Index:

. . : (1) = € (11)
4.3 Plume Transformation Indices (PTI) and Effective EPl = —e o
Perturbation Indices (EPI) Chne 1)

wherey; is the average plume encounter time in the NAFC
Fsee Sect. 3.2.1). The simulations confirmed the high sen-
itivity of NOx conversion and ozone formation/depletion on
eteorological conditions, including relative humidity which
affects the persistence of contrails (see Fig. 17).

EEl =El x PTl (45) The “effective” emission&: " in the CTM mass balance

This method follows the idea of Petry et al. (1998) of modify- equations are reconstructed using Egs. (7), (45) and (47)-
. SN ; L (48)

ing the emission indices but it represents the variation of the

total mass (pr the num_ber_ of molecules) of species inte_gratecflfff = ElPT (10, 7p) St. (50)

over the entire plume lifetime rather than evaluateg as in

the ECF method by Meijer (2001). Subtracting Eq. (14) from 4.4 Effective Reaction Rates (ERR)

Eq. (13) and integrating ovey yields after some algebra to:

(49)

In the methodology proposed by Karol et al. (2000) the effec-
tive emission index is decomposed in two factors: the usual
emission index that quantifies the in-engine processes (El
and the dimensionless Plume Transformation Index (PTI):

The method of effective reaction rates (ERR) was intro-

1 . .
Ami(tp) = / pr(t) [w/’:(f) —w,‘;‘(t)]dt duqed. by Cariolle et al. (2009) to study the |mpagt of NO
fo emissions on the atmospheric ozone. The basic idea of the
= mj (tp) —mj (t0) (46) method is that the chemical transformations in the plume pro-

ceed with different rates than in the background atmosphere

where Eg. (41) has been used. For emitted spéeitt® PTI  pecause of the high concentrations of exhausts within the
is defined as plume. It is then possible to define “effective” reaction rate
Vp(to)clfe(to) + Am(tp) constants working on the fraction of the emissions within the
> 47 plume (undiluted fraction). To discriminate between diluted

Vp(to)ci, (f0) and undiluted fractions of emissions, an additional transport

while for speciesne not emitted by the aircraft and originat- €quation for a fuel tracer is solved by the CTM:
ing in plume from interaction with the emitted spectgsthe

PTl(to, tp) =

DC; - C
PTlis given by th =St— Tf (51)
Pl (0. o) = mine(fp) (48) where the last term in the right-hand side is a model
ned TP Vp(to)ey (t0) for the (large-scale) fuel dilution. The decay timeis
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Fig. 11. Corrections of key species emissions (relative toN@issions) for the calcultion of EEI from ships (Frandt al., 2008).

Cl

To account for the effects of highly concentrated exhaust
NOy on ozone concentration, an “effective” reaction rate is
introduced as:

Ip
/ / KNOyO3 NOCOsd Vp | dt
—eff 1o Vo
Knoyo; = "
Cao3/ (/ CNonVp) dt
to Vo

where the plume concentrations can be obtained using any
of the plume models introduced in Sect. 3 or explicit three-
dimensional LES. The ozone balance equation in the CTM is

(54)

| e modified by adding a term which represents the destruction
e ° of ozone by NQ at the scale of the grid-box and proceeds at
- M —eff
the ratek yo, 0,
to tp t .
DCo; _  — = —eff —p —=
Fig. 12. Sketch of the emission conversion factor (ECF) model. Dt ©05(C1, -, CNy) = Kooy Coy C 0s- (55)

_ o _ This actual implementation of ERR method to NO3
obtained by approximating the evolution of excess of ex-chemistry is slightly different from the general formulation

haust mass:j; in Eq. (30) by an exponential fitinj(r) =  of effective reactions introduced in Eq. (11) in the sense that
* —
my (o) €XP(—(7 —10)/7) SO that K,e\,fgx% is constructed in such a way that the grid-averaged
00 " undiluted fractionChq. ratherthan the total grid-averaged
N . NO,
T Ef e ()T g — ) mp(t)dt (52)  concentrationCno, appearexplicitly in the ozone balance
) p fo

equation. The ERR method gives a framework that is fully
where, = fim is defined according to the threshold value conservative for the injected species, and that relaxes to ID
cim as explained in Sect. 3.2.1. The (grid-averaged) undi-mdel whenr — 0. It was found that the Nozone chem-

luted fraction of NQ (exhaust NQ) is reconstructed using istry inside the plume is characterized by a first regime dur-
Ci as ing which NO and NG get to equilibrium while ozone de-

creases by titration of N& and by a following slower de-
5&@ =ano,Elno, Ct (53)  crease of odd oxygen NG- O3 species (see Fig.i%). Cari-

olle et al. (2009) further discuss the determinatioﬂrq,llg)xo3
whereano, = 10‘3Wair/ Wno, is a scaling factor witlWajr for ozone and the values @i, andt, and introduce addi-
and Wno, the molecular weights of air and NQrespec-  tional terms to account for £Xitration and the formation of
tively. nitric acid during the plume dilution.
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Fig. 13. Time series of emission conversion factors for some key species at different emission times (Meijer, 2001).

5 Integration of emission parameterizations into global

models

This section describes the results of the implementation

— run B: with the modified emissiorﬁfff or reaction rates

K

eff
J

of the different parameterizations presented in Sect. 4 into — run C: without emissions

global and regional models. In order to evaluate the effects

of plume processes, three baseline computations can be d&he perturbations due to the chemical conversions are then
quantified in absolute numbers:

signed:

— run A: with the unmodified emission inventories for
NOy and other exhaust species

www.geosci-model-dev.net/4/643/2011/

er = Cy (run A)—Ci (run B)

(56)
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5.1 Application of ECF and EEI o P— ——
60

o . . -40 -20 0 20 40
The ECF were first implemented by Meijer et al. (1997) in

the Chemistry Transport Model CTMK (Velders et al., 1994;

Wauben et al,, 199__7) and successively bY Meijer (2_001) _inFig. 15. Emission Conversion Factors for NGpecies 24 h af-
the TM3 model (Meijer et al., 2000). The original engine exit e emission (emission time 08:00 LT) as functions of altitude (top
emissions from the DLR/ANCAT 2 NQemissions (Gardner  panel) and latitude (bottom panel). Reprinted from Vohralik et al.
et al., 1997) were transformed into aircraft plume emissiong2008). An edited version of this paper was published by AGU.
using the ECF in Eq. (44) at each computational cell. TheCopyright (2008) American Geophysical Union.

plume lifetime was takery = 15 h (Meijer, 2001).

Figure 19 shows the monthly mean of absolute and relathe aircraft-induced ozone perturbation. This explains the in-
tive NOk and @ perturbations. As expected, the main NO crease (negative reduction) of the local perturbation of ozone
perturbations were along the main aircraft routes, with mearin the NAFC for July. The maximal enhancement was 8 %
values of 50100 pptv in January, and 50-110 pptv in July in(note that the results presented by Meijer (2001) are slightly
the case of unmodified ANCAT emissions. The @ertur-  different from those of Meijer et al. (1997) because the net
bations around and in the main flight corridors were in theozone production and the time of emission had not been
range of 1.8-2.1 ppbv for January and 2-3.8 ppbv for Julytaken into account).

When the ECF parameterization was includedyNgertur- Kraabgl et al. (2000a) implemented the ECF methodology
bations were reduced by 15-30 pptv in January, and by 10into NILU-CTM, a three-dimensional chemistry transport
35 pptv in July (in relative numbers, these reductions amounmeso-scale model covering Europe, North America, and the
to 20—30 % and 20-40 %, respectively). Generally, the ozonéNorth Atlantic (Flatgy et al., 1995; Simpson, 1992; Strand
perturbation is reduced due to the efficient conversion of NO and Hov, 1994). The spatial distribution of aircraft NO

in the aircraft plumes, leading to a diminished @oduction  emissions were taken from the DLR/ANCAT 2 (Gardner
on the global scale. On the other hand, the photochemistret al., 1997). The plume lifetime for the implementation
in the aircraft exhaust plumes generally produces ozone. Ibf ECF was taken, = 15h, which, in this case, also cor-
photochemical activity is sufficiently high, net ozone produc- responds to a plume width of approximately the size of
tion in the aircraft plumes can be large enough to enhancehe computational cell. Without plume modifications, the

Latitude (degrees)
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Fig. 16. Diurnal variations of PT\o, (top panel) and PY, (bot-
tom panel) in July at 50N for different conditions: 1: lower
stratosphere, inside NAFQ@;, = 222K, P plume; 2: upper tropo-
sphere, inside NAFCT = 222K, P plume; 3: upper troposphere,
outside NAFC,T = 222K, P plume; 4: lower stratosphere, in-
side NAFC,T = 233K, P plume; 5: upper troposphere, inside
NAFC, T =233K, P plume; 6: upper troposphere, inside NAFC,
T =233K, S plume. Reprinted from Karol et al. (2000). An edited
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Kraabgl et al. (2002) implemented the plume model into the
OSLO-CTM2 (Sundet, 1997), which is based on the chemi-
cal scheme described by Hesstvedt et al. (1978) and Berntsen
and Isaksen (1999). The implementation of ECF is very sim-
ilar to that used by Kraabgl et al. (2000a), expect that the
variations in the turbulent conditions of the atmosphere were
taken into account: following Orbeck and Gerz (1996), the
diffusivities needed by the plume model, Eqgs. (15)-(17),
where reconstructed in each computational cell using the
probability density function of Brunt-&isila frequencyN

and vertical wind shear from the ECMWF forecast data in
the northern hemisphere between 8 and 12 km. Furthermore,
the plume was followed until either the size was considered
large enough to be representative for the grid resolution of
OSLO-CTM2 or the N@ emissions were homogeneously
mixed with the surrounding air, i.@; = MIN(tref, fmix), See

Eq. (28) (a value of 48 h was taken as an upper limit).

When plume modifications with variable turbulence are in-
cluded in the global model, the aircraft-induced Nénd
ozone increases in the NAFC and over Europe were re-
duced (see Fig. 21). The absolute (relative) reductions were
strongest in April/May, where NQand ozone decreased
by 15 to 25 pptv (25-35 %) and 0.8 to 1 ppbv (15-18 %) at
northern midlatitudes, respectively. The corresponding num-
bers were estimated to 8 to 22 ppt (20 %) for N&nd 0.4
to 0.6 ppb (15-20 %) for ozone in January. Kraabgl et al.
(2002) finally pointed out a few issues on the modeling of
ECF of NQ that deserve further investigation. The first is-
sue concerns the assumption of stationary turbulence dur-
ing the plume lifetime: for certain (weak) values &fand
s from ECMWEF data, this may overestimate the dispersion
time of the plume to reach the resolved scale of the global
model. In real atmosphere, the plume is likely to encounter
conditions that favor much higher dispersion over that pe-
riod. In this case the ozone production efficiency will be
higher than that predicted by the simulations. The second is-
sue is that the emissions were represented as a single plume,
whereas in reality, the emissions within a computational cell
of a CTM consist of multiple plumes. Mixing of multiple
plumes causes a lower fraction of the emitted,N®be con-
verted into N@Q in the plume (Kraabgl et al., 2002). Thus,
more NQ, will remain as NQ when the plume reaches the

version of this paper was published by AGU. Copyright (2000) resolved scale of the CTM. This will lead to a higher ozone

American Geophysical Union.

monthly averaged increases for July for N@nd ozone

production efficiency of emissions.

The EEI and ECF techniques were recently tested by
Vohralik et al. (2008) using the same plume model and

were up to 70ppt and 2.7 ppb, respectively. On the otheithe CSIRO two-dimensional chemical transport model (Ran-

hand, with plume modifications, the corresponding,N@d

deniya et al., 2002). The comparison between the two tech-

ozone increases were reduced by 30 ppt (~40 %) and 0.5 ppbiques showed significant differences in the predictedc NO

(~20%), respectively (see Fig. 20).
within the North Atlantic Flight Corridor (NAFC) was also
reduced by up to 0.5 ppb (~30 %).

www.geosci-model-dev.net/4/643/2011/

The ozone increasdncrease although the aircraft-induced ozone perturbations

were found relatively small. In general, the predicted effects
on the global impact of ozone were comparable in magnitude
to those found by Meijer (2001) but considerably smaller

than those obtained by Kraabgl et al. (2002).
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Fig. 17. Plume Transformation Indices for the NAFG £ 46 h) as a function of Rjde . Top panel: ER|,; middle panel: EBlono;
lower panel: EBlno,. The different colors and symbols show results for different local times and seasons of emission as indicated. Left:
emissions into the lowermost stratosphere; right: emissions into the upper tropodgbiiregér et al., 2005).

a2 5.2 Application of ERR
3 03+N02 1 . .
~~~~~~ - The ERR method (Cariolle et al., 2009) has been imple-
8,5l ] mented in the 3-D model LMDz-INCA (Hauglustaine et al.,
g Noz\ 2004; Folberth et al., 2006) coupled to the AERO2K emis-
:g z(\ ] sion database (Eyers et al., 2004). Figure 22 shows that
@ the large-scale N content decreases significantly over
3 the main flight corridors due to their storage in high-
o concentration plume form and to the conversion of a fraction
lt 0,equ | of the NQ, into HNO3. This large scale NQdecrease re-
05 R — duces the backgroundsz(roduction that adds to the direct
0 500 1000 ISR eeondey 000 3900 4000 local O3 destruction found within the plume air masses. The

result is a reduction of the global aircraft induceg @o-
Fig. 18. Evolution of the mixing ratios of NQand G after injec-  duction by about 15 % in the northern hemisphere when the
tion of 1 ppmv of NG at 200 hPa (initial conditions for the sim- plume effects are taken into account. This result is consistent
ulation: 0.2ppmv for @ and T = 230K). The @ concentration  with the evaluations made using the EEl and ECF methods.

decreases rapidly due to titration by BlOThe odd oxygen species The ERR method has been recently adapted by Huszar

(O3+NO») show a slower continuous decrease. Reprinted from ‘o .
. ) . . . et al. (2010) to treat the case of N@missions by ships
Cariolle et al. (2009). An edited version of this paper was publ|shedWithin the near Atlantic European Corridor. The sim-

by AGU. Copyright (2009) American Geophysical Union. . . -
y pyright ( ) Py ulations were carried out using the CAMX, an Eule-

rian photochemical dispersion model developed by ENVI-
RON Int. Corp. (http://www.camx.com) coupled to the UN-
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monthly mean NOx perturbation (pptv) at 250 hPa, January 1997
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Fig. 19. Impact of aircraft NQ on the monthly mean concentration of N@nd G; at 250 hPa for January. Top panels, aircraft perturbations

with no plume model (rum); middle panels, perturbations using ECFs (&in bottom panels, percentage difference. Positive numbers in
the lower four panels indicate a reduction due to the inclusion of aircraft plume emissions (Meijer, 2001).

ECE/EMEPemission database for year 2003 (Vestreng et al. parameterization (withy = 1 h), the average surface large-
2007). Model results show that the ship traffic emissionsscale NQ concentration decreases by up to 0.1 ppbv over
strongly modify NQ levels not only over remote ocean but remote sea during both seasons. The reduction in the main
also at coastal areas and to some extent over land at greateorridors is much more intensive and exceeds 1 ppbv at peak
distances from the sea. Highest levels of 4—6 ppbv are foundevels in both summer and winter (see Fig. 23). This can
over the English Channel during both seasons with peaks upe also interpreted as the modification of the N§@rturba-

to 8 ppbv in summer. With the inclusion of the ERR plume tion caused by ship emissions. In relative numbers, model

www.geosci-model-dev.net/4/643/2011/ Geosci. Model Dev., 4, 643-667, 2011
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Fig. 20. Reduction in the aircraft contribution to N(top) and ozone (bottom) due to plume processes in the NAFC. All numbers are in
ppb. The results shown are from level four, counting from the 100 hPa modettopordinates are used and the height of the level equals
215 hPa when the ground pressure is 1000 hPa. Reprintedfrom Kretahlg(2000a). An edited version of this paper was published by
AGU. Copyright (2000) American Geophysical Union.

simulations show that ship NQperturbation is reduced by 6 Validation and verification of plume
more than 10% along shipping routes. Areas of intensive  parameterizations
ship traffic (coastal regions and the most important shippin

corridors) indicate larger reduction up to 20-25%. As a Con%\/alidation. The process of validation of atmospheric models

sequence, ozone production due to the ship emission is reqepends on the class of models considered. While in CTMs

duced. The ship plume effects lead to decrease of Ozongalidation consists in the comparison of model results with

in both summer and winter seasons. The reduction Occurgbselzvatll;ans dccorrlr_espofr'lldlegt)%gspgcggl\cﬂ:llr_na_lto_logles (e.dg.
on the whole area of the European domain with the larges tockwell an Ippertiied, ), In S Itis interprete

effects in the shipping corridors where the ozone reduction” @ statistical sense as the capability of the model to repro-

reaches values of about 0.4—0.7 ppbv in winter and 12 ppb&luce past climate record (e.g. Stevenson et al., 2006) or as a
during summer conditions process-oriented validation that spans a larger variable space

(e.g. Eyring et al., 2005). The validation of effective emis-
sions methods describe here has to be interpreted in an indi-
rect way via the underlying sub-grid model. Indeed, because
these methods are parameterizations of plume processes, it
is rather the validation of plume models themselves that is

Geosci. Model Dev., 4, 643-667, 2011 www.geosci-model-dev.net/4/643/2011/
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Fig. 21. Absolute decreases in aircraft-induced N@ pptv) in January (top) and July (bottom) at 250 hPa due to plume effects. Reprinted
from Kraabgl et al. (2002)An edited version of this paper was published by AGU. Copyright (2002) American Geophysical Union.

most pertinent. In the case of plume chemistry models, comchecked when deriving plume parameterizations. In partic-
parisons with available observation exist especially for air-ular, for effective emissions methods one has to insure that
craft emissions (Arnold et al., 1992; Schumann et al., 1995the physical models and the background conditions used in
Schulte et al., 1997; Schlager et al., 1997; Schumann et althe plume model are consistent with the corresponding mod-
1998). Data from Arnold et al. (1992) were used for exampleels and grid-box averaged quantities where the parameteriza-
to validate the plume model used by Petry et al. (1998) to detions will operate. As a general remark, it would be helpful
rive the EEIl method. Similarly, for the ECF method, Kraabgl for model validation to have more refined data in the upper-
et al. (2000a) reported a fair agreement betweenry l[d@d  troposphere meteorological that are able to provide a detailed
HNO3 concentrations obtained with their model with mea- signature of plume. High-resolution numerical weather pre-
surements by Schulte et al. (1997) among others during theliction models are complementary in this respect in that they
POLINAT campaign. On can claim a general confidence incan provide plume models with detailed local meteorologi-
the results of plume models at least for chemical processesal situation: this is particularly helpful for effective emis-
(contrails still deserve much special care especially in thesions where plume models with their built-in atmospheric
transition phase into cirrus). Consistency between plume angparameters (shear, stability, etc.) have to be plugged into
global models is another important point that should also begrid-boxes of global models.
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Fig. 22. LMDz-INCA model distributions of the N@Q (left) and G; (right) variations at 240 hPa in January (bottom panels) and July (upper
panels) due to plume effects using the ERR method. Reprinted from Cariolle et al. (2009). An edited version of this paper was published by
AGU. Copyright (2009) American Geophysical Union.
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Fig. 23. Change in NQ production by ship emissions. Top panels: difference of surfaceiN@xperiments with and without plume model,
eNoy (EQ. 56) in ppbv for winter (left) and summer conditions (right). Bottom panels: same but for relative ehasge(Ed. 57) (Huszar
etal., 2010).
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Table 3. Summary of the key features of EEI, ECF and ERR methods.

EEI ECF ERR

Method —changé in global model Eq. (6) — changg; in global model Eq. (6)  — changgy, in global model Eq. (6)
— transport fuel trace€s Eq. (51)
— define undiluted’y o Ed. (53)

— specifies plume lifetime — specifies plume lifetime — specifies plume lifetime
— define EE} Eqgs. (38)—(40) — define EGFEQs. (43)—(44) - defin?ﬁféxo3 Eq. (54)
- insertffff =EEI Sf in Eq. (10) - inserf,'f]cf =ECR,El; S¢ - insertf,?lfgxo3 in Eq. (55), using
and solve forCy: in Eq. (10) and solve fo€y: Eg. (53) and solve fo€; andCy:
DTC;k:@k(El,..,ENS) DTC;]{ :5]((61,..,61\/5) Dg??’ :503(61,..,61\/5)
+EEL Sy +ECR.S; — N0, EINo, Koy, 05C1C 05
DCs _ < Cs
Dt " T T
Key features — EEldepends on plume model — ELHBepends on plume model Eﬁfgxos depends on plume model
output (pre-computed) output (pre-computed) output (pre-computed)
— Cs transported by the global model
— modifies E} so that the species — modifies;k&lsing species — use fuel tracer to identify undiluted
excess from ID model matches that ~ excess normalized by éCess NQ in the grid-box reacting with
from plume model after dilution after plume dilution ambient ozone vial?ﬁfgxos

Strength (+)  (+) simplicity: no need of additional  (+) simplicity: no need of additional (+) consistency with CTM: fuel

Weakness (-) transport equations transport equations tracer (plume) is traced at run-time

(+) available for general emissions (+) available for general emissions (+) conservation automatically
insured (only changes CTM rates)

(-) consistency with CTM: need to (-) consistency with CTM: need to (-) requires knowledge of key
calibrate plume excess for each run calibrate plume excess for each run non-linear reactions to calibrate
(-) chemical conservation difficult (-) care in conservation at large-scale  (—) presently developed only for
to insure, negative Eig); (e.g. avoid double counting of{p NOx-O3 chemistry

References Petry et al. (1998) Meijer (2001), Kraabgl et al. (2002) Cariolle et al. (2009)

Verification. Verification is another important ingredient a large computational domain (with sufficient resolution for
to assess the quality of physical models and computationathe plume to be explicitly resolved). Species concentrations
methods (in any area of geophysical or engineering sciences$n such domain evolve according to some model equations
see e.g. Roache, 1998). Generally speaking, verification igthat we may call global model) without any sub-grid treat-
the process of determining whether the model works in a spement of the plume. In this ideal situation and assuming the
cific implementation as it has been designed for (while vali- global model is exact, the model output is also exact. Then,
dation is the process of determining whether the model giveshe same model can be run again on the same domain us-
a good representation of real world). This distinction is par-ing much lower resolution so that the plume is not explicitly
ticularly crucial to test effective emissions methods becauseesolved (as in a real CTM) but activating the sub-grid pa-
only model verification permits to identify the error associ- rameterizations (EEI, ECF or ERR). The volume-averaged
ated to these methods from the errors in the global model itspecies concentrations obtained from the latter run should
self. The practical implementation of verification techniquesthen match or be close to the exact model output of the first
depends on specific situations but as a general pathway, wain. Again, this exercise can only guaranty that the effec-
could borrow ideas from other areas such as in the turbutive emissions method is verified, i.e. that it reproduces the
lence modeling community (where it is often called a poste-correct large-scale behavior of the full global model under
riori testing). An instructive exercise of verification could be identical conditions.
to set up an ideal scenario where a plume is initialized into

www.geosci-model-dev.net/4/643/2011/ Geosci. Model Dev., 4, 643-667, 2011
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7 Discussion and conclusions NOy plume concentration, sub-grid non-homogeneities are
expected to be significant at the scale of CTM grid-boxes
In this study we presented a summary of various meth-(which contain the plume or part of it). On the other hand,
ods proposed in the literature to parameterize the chemicaor other important emissions contributing to the Earth ra-
transformations of emissions from concentrated sources inteliative budget like Cl (Lee et al., 2009), the characteristic
large-scale models. All the analyzed parameterizations detimescales of chemical reactions are much larger than plume
scribed in the previous sections are based on a two-step prafilution timescales, and no special special sub-grid parame-
cedure: first a data-set from a small-scale model is generterization is needed. In other words, the effects of chemical
ated; then these data are transfered to the global model. Theactions involving Clj on ozone is indirect in the sense that
data-set can be obtained using single plume models with varit can be handled by standard CTM chemistry as if;@re
ious levels of sophistication, or even large-eddy simulations,nstantaneously diluted at the scale of the grid-box and react
depending on the accuracy required to represent plume prayith ambient ozone.
cesses. However, the choice of the data that are to be trans- Finally, as discussed in the previous section, the integra-
ferred and the way they are incorporated in the global mod+tion plume parameterizations requires that a good consis-
els vary substantially among the different parameterizationstency exists between the physical processes represented in

The differences among the methods are summarized in Tab. € plume and in the background atmosphere. This con-
and are now briefly discussed. sistency can be easily insured for gas phase chemistry, but

In the EEI and the ECF/PTI methods, the emission rate t is more difficult to achieve for heterogeneous processes

o . ecause of the different level of complexity used to repre-
themselves are modified, i.e. the source tefipsn Eq. (7) sent these processes in plume models and the 3-D large-
are rescaled by some factors that take into account the cheny.51e models. This is particularly relevant to aircraft contrails

ical transformations in the plume. In the EEI method, the when, under specific atmospheric conditions, line-shaped
correction is directly made at emission time by changingcontrails transform into cirrus clouds. In those cases, the mi-
the original emission index El “as if” an equivalent emis- crophysics used in the plume model has to be consistent with
sion were instantaneously dispersed at large scale, see Fig. the cloud parameterization of the large-scale model. Some
On the other hand, in the ECF method the emissions arégnovements in this direction have been recently proposed in
rescaled by the excess of concentrations over background &@cent literature. For exampBurkhardt and trcher (2009)

the end of the plume lifetime= 7, as shown in Fig. 12. Itis presented a parameterization of contrail cirrus in a global cli-
worth observing that if the large-scale transport is switched.m‘i‘rt]e m(?gil basser? on the .|dent|f|c§1tl|o|n (c)jf contrail coverage
off (steady state 0P/ Dt = 0), the two methods should pro- in the grid-box. Ship emissions certainly deserves even more

) . ! focus research on this aspect because of the complex inter-
vide the same results at=1, since the species concentra-

. . action of gaseous NOand SQ chemistry with aerosol and
tions are only determined by the same plume model. Note, 5,4 microphysics in the boundary layer.

that since the concentration emissions are changed, addi-
tional corrections are needed in both methods to insure con-
servation (respectively a minimization procedure, Eq. (37) inAcknowledgementsThis ~ work  was  supported by the

EEI method, and a re-normalization by the Néxcess inthe ~ European  Union ~ FP6  Integrated =~ Project QUANTIFY
ECF method). (http://www.pa.op.dir.de/quantify/) and by the RTRA-STAE

In the ERR method, the reaction rates rather than the emis'[—)rojeCt ITAAC.

sions themselves are modified which automatically insureEditecl by: A. Stenke
conservation. In the case of secondary formed species like
ozone, the use of effective reaction rates does not directly in-
troduce pre-computed tendencies, but act as a modulation ¢
the chemical cycles existing in the background atmosphere
Furthermore, the method takes into account the transport
pollutants during the plume dilution by explicitly solving a
transport equation for fuel tracer. Thus, the non-linear chem-
ical effects can apply rather far from the point of injection de-
pending on the large-scale advection and the plume IifetimeThe publication of this article is financed by CNRS-INSU.
This also insure that ERR relaxes to the ID modet as O.
Nevertheless, the ERR method still requires that some key
reactions within the plume have to be identified in order to
compute the relevant effective reactions.

It is worth remarking that the plume parameterizations
reported in the literature and summarized here essentially
focused on N@-ozone chemistry. Indeed, because of the
strong non-linearity of chemical reactions due to the high

INSU

Institut national des sciences de I'Univers
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