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Abstract. We present a new global Chemical Transport In the context of this paper, numerical diffusion is defined
Model (CTM) with full stratospheric chemistry and La- as any process that is triggered by the model calculations
grangian transport and mixing called ATLAS (Alfred We- and behaves like a diffusive process acting on the chemical
gener InsTitute LAgrangian Chemistry/Transport System).species in the model. Typically, numerical diffusion will be
Lagrangian (trajectory-based) models have several importargpurious and unrealistic, e.g. present in every grid cell with
advantages over conventional Eulerian (grid-based) modeldhe same magnitude. We do not consider processes as nu-
including the absence of spurious numerical diffusion, ef-merical diffusion here which are deliberately introduced into
ficient code parallelization and no limitation of the largest the model, e.g. to mimic the observed diffusion. Eulerian ap-
time step by the Courant-Friedrichs-Lewy criterion. The ba- proaches suffer from numerical diffusion because they con-
sic concept of transport and mixing is similar to the approachtain an advection step that transfers information between dif-
in the commonly used CLaMS model. Several aspects of thderent grid cells. Usually, this step is connected to averaging
model are different from CLaMS and are introduced and val-over several grid points, which introduces diffusion on the
idated here, including a different mixing algorithm for lower spatial scale of the grid resolution at the temporal scale of the
resolutions which is less diffusive and agrees better with ob-model time step. An example is the interpolation of species
servations with the same mixing parameters. In addition, val{o trajectory end points in Semi-Lagrangian approaches.
ues for the vertical and horizontal stratospheric bulk diffusion  Since diffusion is very small in the stratosphere, numerical
coefficients are inferred and compared to other studies. Thisliffusion in Eulerian models is always much larger than the
work focusses on the description of the dynamical part of thereal atmospheric diffusion (e.¢glonopka et al.2009, lead-
model and the validation of the mixing algorithm. The chem- ing to problems like excessive mixing across atmospheric
istry module, which contains 49 species, 170 reactions and anixing barriers. Particularly at the low resolutions typi-
detailed treatment of heterogeneous chemistry, will be precally required for long runs (e.g. where the CTM module is
sented in a separate paper. coupled to a General Circulation Model, GCM, as part of
a Chemistry Climate Model, CCM), numerical diffusion can
lead to problems in the representation of the polar vortices
and hence the Antarctic ozone hole. With an Eulerian model
it is difficult to maintain the steep gradients of species at the

. , c})oundary of the ozone hole, which are not only relevant for
Chemical Transport Models are commonly based on a fixe ) }
a proper representation of ozone depletion, but also for the

spatial grid and include an Eulerian advection scheme for theradiative and dynamical feedback from the ozone hole on cli-
transport of chemical species (e.g. SLIMCAThipperfield y

. m r . We have therefor vel Lagrangian
2009. Although much effort has been put into the develop- ate processes. We have therefore developed a Lagrangia
. s . ... CTM that can be used as a stand alone model or as module
ment of advection schemes that minimize numerical diffu-

. . e o in a CCM system.
sion (e.g.Prathey 1986, numerical diffusion is in principle ; .
. . ; Lagrangian models have several advantages over Eulerian
unavoidable in Eulerian models.

1 Introduction

models:
— There is no numerical diffusion. Actually, some ex-
Correspondence td: Wohltmann plicit form of diffusion has to be included in La-
BY (ingo.wohltmann@awi.de) grangian models to obtain realistic results, which gives
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the opportunity to model the real atmospheric diffusion is also analyzed, and some changes are proposed for a more

on a physical basis. robust calculation of the validation parameters. Finally, the

model is used to infer values for the effective horizontal and
vertical diffusion coefficients for the stratosphere, and results
are compared with other studies.

— The time step of the integration of the transport equa- Section2 contains the basic model description. Secfidh
tions can be chosen freely. There is no limitation of the 9ives an overview of the model concept. Sectidriand2.3
largest time step by the Courant-Friedrichs-Lewy crite- describe the model implementation. While Sex8 gives
rion. a detailed treatment of the mixing algorithm, Sex@ de-

scribes the other relevant features of the model. The valida-

— Mixing ratios of inert tracers are conserved by designtion of the mixing algorithm is presented in Se&t.Results
(no negative mixing ratios by transport). for diffusion coefficients are discussed in Sekt.Conclu-

— Transport of additional species does not add to comput—Slons are given in Sec.

ing time.

— The model architecture allows for an efficient paral-
lelization of code and runs fast on low-cost computers.

In addition, our specific model is free of any grid in the ver- 2 Model description

tical or horizontal. The absence of numerical diffusion, the
conservation of mixing ratios and the fact that transport of

additional species does not add to computing time are basirhae model design is based upon a modular approach. This
cally due to the fact that the Lagrangian time derivative of o,5.vs a flexible configuration and easy exchange of compo-
mixing ratios is zero in the absence of local sources ant,onts The basic layout of the model is shown in Hig.

sinks, while the Eulerian derivative contains an advection Transport and chemistry in the model are driven by ex-
term. Despite these obvious advantages, only very few globglg ) meteorological fields. These can be provided either by
Lagrangian chemical transport models with explicit mixing 5 General Circulation Model (GCM module in the sketch, red

exist so far (e.gCollins et al, 1997 Fairlie etal, 1999. The 55y or by existing analysis data like ECMWF ERA Interim
most prominent examples are the CLaMS modétKenna (Simmons et a).2008.

et al, 2002 Konopka et al. 2004 2007) and the ATTILA With this input, a large number of trajectories, each sym-
model Reithmeier and Sause@003), which has recently  qji7ing an air parcel, is initialized and advected for some

been coupled to the General Circulation Model ECHAM 14,5 (filling the domain of the complete atmosphere) (tra-
(Stenke et a).2009. jectory module, green box). Chemistry is calculated on ev-

The main focus of this model version is on a proper repre-gy, rajectory like in a box model (chemistry module, yellow
sentation of the chemistry and transport of the stratospherg, .

although a basic troposphere is included. Hence, the valida- Sir.me there is no numerical diffusion in a Lagrangian
tion focusses on the stratosphere. It is planned to extend thg,,4el. some form of mixing has to be introduced to obtain

model to the troposphere in the future. realistic trace gas distributions. This has the advantage that
Both resolution and trajectory time step can be chosenyying can be modeled from physical considerations and that
freely, so the model can be used both for highly resolved proy,e strength of mixing can be adjusted to observed values,

cess studies and long-term runs over several decades. One ofiije numerical diffusion cannot be controlled in strength
the specific advantages of Lagrangian models is that they al3 4 |ocation. Every few hours, a mixing step is introduced

low to study the fine filamentary structures that are usually(mixmg module, orange box). In this step, new air parcels
below the resolution of conventional Eulerian models andare added and existing air parcels are merged in regions of

that disappear rapidly due to numerical diffusion. This iS 5146 flow deformation (shear and strain) to keep the density
possible since the information over the small scale behawoubf air parcels constant. The actual mixing is accomplished
of tracers is c.:onta.ined in thg large-scale wind fields (Batch—by averaging the chemical species on the new or merged air
elor regime in fluid dynamics, seldaynes and Vanneste parcels. As a side effect, adding and merging parcels also
2004 . L ensures that voids and crowded regions are avoided. After

The main concept of the model is similar to the CLaMS e mixing step, the model continues with the advection step

3-D model Konopka et al. 2009, which has a more so-  a44in. A detailed justification of the validity of the mixing
phisticated mixing parametenzatlon compared to modgls "keapproach can be found in Sect. 2MEKenna et al(2002
e.g. ATILLA or Collins et al.(1997. However, ATLAS is a and, shortly recapitulated, in Se@t3.2

completely new model developed from scratch, which has no

code in common with CLaMS. Some changes and improve2 2 Basic model features

ments are introduced to the transport and mixing approach

of CLaMS here, and their impact on the results is elucidatedThe initial air parcels are distributed randomly over the
The method of validation presentediionopka et al(2004) model domain by drawing uniformly distributed random

2.1 Model concept
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Fig. 1. Model concept.

numbers for longitude, the cosine of latitude and the verti- — A hybrid coordinate that transforms from a pressure co-
cal coordinate. The initial value of the random generator can ordinate at the surface to a potential temperature coor-
be set to a fixed value to obtain reproducible results. dinate in the stratosphere, as definedkomopka et al.

Every air parcel contains variables for a configurable num- (2007. The hybrid winds transform from analysis
ber of chemically active species and additionally, for a con- winds in pressure coordinates to heating rates.

figurable number of chemically inert tracers.
The vertical coordinate is limited by an upper and lower
boundary, which can be chosen freely. The number of airThe model contains a lower and an upper boundary layer.
parcels is then chosen such that a predefined initial resolutiofhe depth of the boundary layers is again basedAan
ro is obtained (defined by the mean horizontal parcel distancéSect.2.3.3. All parcels in these boundary layers are deleted
in layers of the vertical depthz introduced in Sec2.3.3.  inevery model step and replaced by newly initialized parcels.
While it is possible to set the lower boundary to the surface, The reinitialization of the parcels is necessary to avoid that
the model does only contain a basic representation of tholes or volumes with parcels outside the model boundary
troposphere, mainly used to provide the stratosphere witt@ppear due to the large-scale motion. Parcels outside the
tropospheric source gases. Several Components that Woumodel domain are deleted. Tracers and chemical Species are
be necessary for a realistic representation of the tropospheriéterpolated from the old parcel positions to the new parcels
are currently not implemented, like tropospheric chemistry,where possible. Where not possible, tracers and chemical
clouds or a treatment of sub-scale convection. species are set to climatological values. This may e.g. be the
The trajectory module is based on the parallel trajectorycase where the downward branch of the Brewer-Dobson cir-
code used iWohltmann and Ref2008. Time step and in- ~ culation produces volumes void of any parcels directly below
tegration method (e.g. 4th order Runge-Kutta) are freely conthe upper boundary.
ﬁgurable. The vertical coordinate System and the associated A tropopause is needed for Severa' purposes in the mode|_
vertical winds can be set to four different options: It is set to the 2PVU potential vorticity surface in the ex-
— Pressure as vertical coordinate and vertical winds takedratropics (dynamical tropopause) and to the 375K potential
from the input files of the analysis data or GCM, which temperature surface in the tropics.
usually means winds that satisfy mass conservation by The model code is platform independent and can run in
the continuity equation. parallel on a simple personal computer network connected
— Pressure and vertical winds from the thermodynamicvia th.e inter.r!et. Main _modules arelimplemented in Matlab
equation (satisfying conservation of thermal energy) asa}nd t.lme' critical code in C.'Extenswe use of free software
in Wohltmann and Re{2008. Ilprarles is made, the'mo.st important ones are Qhull for the
triangulation, KPP (Kinetic Preprocessor) for the chemistry
— Potential temperature and heating rates (satisfying conmodule and a Matlab implementation of a parallel MPI like
servation of thermal energy). interface based on exchange via ssh.
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2.3 Mixing algorithm

The basic idea of the mixing algorithm is identical to the ap-

proach used in the CLaMS 3-D mod#&lqnopka et al.2004).
The algorithm is as follows:

— For every air parcel, determine all air parcels that are, in
a certain sense (see Se2t3.1below), next neighbors
of that air parcel.

Advect air parcels with trajectory model and optionally
calculate chemistry.

If the distance between a particular air parcel and one of
its former next neighbors (prior to advection) exceeds
a critical distance. after advection, insert a new air
parcel in the middle between the original air parcel and
the neighbor, the new mixing ratio is the mean of the
mixing ratios of the air parcel and its neighbor. Do that
for every neighbor.

Determine next neighbors again.

If the distance between a particular air parcel and sev-
eral of its neighbors is lower than a critical distamce
merge all of these neighbors and the air parcel itself to
a new air parcel, the new mixing ratio is the mean of the
old mixing ratios. All merged air parcels are removed
immediately and can only contribute to one new air par-
cel.

— Advance to next mixing step.

2.3.1 Next neighbors

Next neighbors are determined by Delaunay triangulation:
the air parcels are connected by a mesh of triangles (2-D
case) or tetrahedrons (3-D case), such that the circumcir-
cles of any triangle (or circumspheres of any tetrahedron) are
empty (e.g.O’Rourke 1998. Air parcels that are directly
connected in the mesh are considered next neighbors. De-
pending on the model resolution, we use two different meth-
ods, which are outlined in Fi@:

— Global layer approach (CLaMS): for high model res-

olutions {p<150km), the algorithm also applied in
CLaMS 3-D Konopka et al. 2004 is used. The at-
mosphere is divided into a set of layers. In each layer,
the vertical coordinate of the air parcels is ignored and
a global 2-D triangulation on the surface of a sphere

I. Wohltmann and M. Rex: The Lagrangian model ATLAS

parcels in the vertical direction by the averaging of the
vertical coordinate in new and merged air parcels (see
Sect.2.3.9.

Local layer approach (ATLAS): for low model resolu-
tions (p>150km), a new method is introduced. The
main difference to the global layer approach is that we
use a local layer with a limited horizontal extent for ev-
ery air parcel, which is vertically centered on every sin-
gle air parcel. The advantage of this approach is that
it is less diffusive and gives superior results with the
same mixing parameters (see S&E). Conceptually,

it is also a more realistic approximation to atmospheric
mixing, since air parcels that are vertically close, but in
adjacent layers do not mix in the CLaMS approach in
contrast to the ATLAS approach. Unfortunately, the ap-
proach is computationally too expensive for very high
resolutions.

As in the global layer approach, the air parcels tend to
cluster vertically in the local layer approach. We add a

random component to the vertical coordinate of newly

inserted or merged air parcels to avoid the generation of
artificial layers in the local layer approach. The addition

of the random component is explained in more detail in

Sect.2.3.4

In the first step of the method, a global 3-D triangulation
is carried out to get a preliminary set of next neighbors
for every air parcel (for some details, see Appenal)x
The list of next neighbors is then extended by the sec-
ond neighbors (next neighbors of next neighbors) to get
a cloud of air parcels around every original air parcel
(the obvious approach to include all air parcels below
a given distance to the original parcel in the cloud is
computationally to expensive).

Now, all air parcels outside an interval
[z—Aziow.z+Azypp] are deleted from the list of
neighbors to center the air parcels in the local layer.
The vertical mixing depthAz=Azjow+Azyupp is de-
termined as described in Se@.3.3 The remaining
parcels and the original air parcel are now treated with
a local 2-D triangulation ignoring the vertical coordi-
nate to get a final list of next neighbors. In contrast to
the global layer approach, a new 2-D triangulation is
necessary for every single air parcel, but the number of
points in each triangulation is much lower.

Geosci. Model Dev., 2, 15373 2009

is performed to obtain the next neighbors. The verti- In principle, the final next neighbors could also be obtained
cal depthAz of the layers is determined with one of directly from the 3-D triangulation. However, there is no

the methods described in Se2t3.3to obtain realistic  constraint on the minimum vertical distance in this approach:
vertical diffusion coefficients and mixing (withas the  newly inserted air parcels will tend to introduce new layers
log-pressure altitude for the pressure coordinate and apef air parcels with a lower mean vertical distance between
propriate definitions for the potential temperature andparcels than in the last mixing step. These parcels would
hybrid coordinates). A staggered set of layers is used irshield the old parcels that are a little bit further away in the
every second mixing step to avoid a clustering of the air3-D triangulation and cause a finer mesh in the vertical. This

www.geosci-model-dev.net/2/153/2009/
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Fig. 2. Sketch of the two methods for finding next neighbors. Top: in the CLaMS approach the atmosphere is divided into layers (left, blue
and cyan dots denote the air parcels). In every layerztbeordinate is ignored and a global 2-D triangulation is performed to find the

next neighbors (right, view from above, in the example the orange parcels are the next neighbors of the red parcel, clipped lines symbolize
the global triangulation without boundaries). Bottom: in the ATLAS approach, a global 3-D triangulation is performed (left, clipped lines
again symbolize the global triangulation) and in a first step, next and second neighbors are determined for each air parcel (middle, in the
example all parcels are next or second neighbors of the red parcel). All parcels outside a verticalzdemtsorted out (green parcels).

The remaining blue parcels are triangulated locally in 2-D ignoring tt@ordinate (right).

problem will get worse in every mixing step. In the 2-D tri- structures down to the molecular scale (dgKenna et al.
angulation, all these air parcels will tend to end up in the 2002 Legras et al.2005 Balluch and Haynesl997, Wil-
same layer and increase the density of parcels and hence, tlsen 2004). This turbulence is intermittent in space and time
number of parcels below the critical distancefor merging.  due to the stable nature of the stratosphere.

Note that there is no fixed model grid at all in the ATLAS  The mixing concept is based on the assumption that mix-
triangulation approach. There are neither distinct layers noing by small-scale turbulence predominantly occurs in re-
a horizontal grid in the model. The (virtual) model layers in gions of large flow deformation, e.g. in regions of large verti-
the following discussion just mean all points within a certain cal shear or horizontal strain. The basic idea is to use the Lya-
interval [z—Azjow, z+Azuppl With z chosen freely and the punov exponent to determine the critical distanceandr_.
vertical extent chosen to get an appropriate density of pointst can be shown that large values of the Lyapunov exponent
in the horizontal. This is done in the post-processing of theare directly related to large shear or strain ratdsKenna
model results and completely independent from the modekt al, 2002.

parameterization. The Lyapunov exponentis a measure for the rate of sep-
_ o o aration of trajectories that are initially in close neighborship.

2.3.2 Horizontal parameterization of mixing In a simplified sense, it can be defined for trajectories by

Since the stratosphere is stably stratified, vertical turbu-g, — ), ds (1)

lence is small and it is mainly the two-dimensional horizon-

tal chaotic advection that will produce fine horizontal fila- wherer is the initial separation of the trajectoriestad and
ments and fractal structures in tracers on different scales. Im+dr is the separation of the trajectoriesatd:. If the flow
conjunction with the vertical wind shear, sloping structures exceeds a critical value. of the Lyapunov exponent, we will
with large horizontal-to-vertical aspect ratios will be cre- insert a point. If integrating over a tim#gr with constant.¢
ated Haynes and Angladd 997). These structures will get and initial separatiomg, this corresponds to using a criti-
smaller by the rapid scale collapse induced by the large-scaleal distance . =rpexp(AcAt). Ac is a free parameter of the
flow (but maintain their aspect ratio) and finally be dissipatedmodel and has to be optimized by comparison of model re-
by molecular diffusion and with the help of small-scale tur- sults with observations. The same is true for the length of
bulence (e.g. by breaking gravity waves), which mixes thethe mixing time stepAr. ro determines the model resolution

www.geosci-model-dev.net/2/153/2009/ Geosci. Model Dev., 2, 1532009
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and can be chosen freely (it is identical to thheused in the 600 s
initialization). To relater_ to ., we note that for incom- ——100km

. . . . h— m
pressible flow, a small circle of radiug will be deformed 500 200 km

300 km
CLaMS triangulation
ATLAS triangulation

into an ellipse with the same area after a sufficiently small
time Az. If the minor and major axes are. andr,., that
means:=rr_ and we get

400+

r+ =roeXp(EAicAt) (2)

Effective resolution [km]

avoiding another free parameter in the model. In a typical
shear flowy . will apply to diffusion along the trajectory and
r_ to diffusion orthogonal to it.

The mixing concept ensures that mixing in the model pre-
dominantly takes place where the flow deformation is large. 1 2 3
This is in broad agreement with observed mixing barriers like
the polar vortex nge anq observgd well-mixed regions II.keFig. 3. Effective resolution for different values of the critical Lya-
the surf zone, which are indeed situated where deformationnoy exponent (axis) and resolutiong (colors).
is small or large, respectively (e.gaynes and Shuckburgh
2000.

A¢ controls the intensity of mixing (in terms of the percent- diffusion in the stratosphere is dominated by vertical diffu-
age of mixed parcels per time interval). The lovigris set,  Sion processes, since the horizontal-to-vertical aspectaatio
the more air parcels are affected by mixing. In conjunctionof tracer structures in the stratosphere is large (about 250)
with rg, which specifies the horizontal distance affected by (Haynes and Angladd997). Tracer filaments will be mixed
one mixing event).. determines the horizontal diffusion co- to background values in vertical direction over the whole hor-
efficient Ky, (for an explicit equation, see Se2t3.5. Hence, izontal extent of the filament quickly, while in the same time
A¢is a crucial parameter to adapt the strength of mixing in theperiod, horizontal diffusion will only affect the outer edges
model to observed values. of the filament. For this reason, the apparent (effective) hori-

The parametery does not need to be the actual resolu- zontal diffusion is much larger than the actual horizontal dif-
tion rgff of the model, since there is no constraint on the fusion and directly dependent on the vertical diffusion and
total number of parcels in the model. While the initializa- aspect ratio by?=Kn/K.
tion starts with a mean parcel distancergfthe number of The standard deviatioa of the vertical positions of air
parcels will change as long as the number of inserted parcelparcels that start at the same vertical coordinatfter a time
and the number of deleted parcels do not agree. Eventually)? is related to the vertical diffusion coefficient by
an equilibrium will be reached where this is the case. The 2
equilibrium value for the effective resolution (defined by the K, = — 3)
mean parcel distance) is closertpboth for small values of 24t
A¢ (high mixing intensity leads to high grid adaption fre- This and a normal distribution of the air parcels follows from
quency) and high values of; (no mixing cannot alter the Fick's second law with a delta function as initial condition.
number of parcels), but lower inbetween (see Bjg. In this sense, ifk,=Az%/(8At), a layer of approximately

Reasonable values a@: are limited to a range from ap- Az=20 (containing 69% of the air parcels) is mixed after
proximately 6 to 24 h. For too short mixing times, the mix- Af, which gives the possibility to estimate the mixing layer
ing step gets computationally too expensive. For too longdepth from the diffusion coefficient.
mixing times, neighbor relationships are not conserved and Note that the log-pressure altitude=Hlog(po/p), H
the non-linearity of the flow prevents the application of the scale height, is used in all derivations in this section, which
mixing algorithm. At is no crucial parameter in the parame- do directly apply to the pressure coordinate system. For the
terization, since validation results only weakly depend on thepotential temperature and hybrid coordinatés, is trans-

. . . )
4 5 6 7 8 9 10
A (Lyapunov exponent) [1/day]

producti.At. formed into appropriate quantities in a last step.
Afirst guess of the vertical diffusion coefficient is obtained
2.3.3 \Vertical diffusion coefficient from a cIimatoIogyKZC"m that is a function of log-pressure

height (Fig.4). We denote the diffusion coefficient &'™m
The actual magnitude of vertical diffusion enters into the here to discriminate it from the effective vertical diffusion
model through the depthz of the layer mixed in one mix-  coefficient Kfff that is actually applied in the model (see
ing time step, which is directly related to the vertical dif- the following paragraphs). The climatology below 50 km
fusion coefficient: the greater the diffusion coefficient, the is taken fromMassie and Hunte(1981), while the part be-
broader the layer mixed in a given time period. Turbulenttween 50 km and 80 km is following an exponential increase
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(e.g.Shimazaki and Wuebble$973. In the troposphere, the 55
coefficient is set to a constant value of 1&s The boundary sof
between the troposphere and the stratosphere is determined asf
by the altitude of the tropopause. In the stratosphere below aol

15 km, the coefficient is set to a constant value of 0.58m
There is considerable uncertainty in the values of the verti-
cal diffusion coefficient up to the present day (&/glson,
2004 Legras et al.2005, and our parameterization, which

is based on some rather old, but easily available data, fits well
into the published range of values. Note also that the clima-

—— Climatology
— Entropy

Altitude [km]

tology was derived from tracer data by neglecting advective lor

transport, which may introduce uncertainty. Since the clima- 5

tology is scaled in the following, only the shape and not the 0 s . . . m 5
absolute values are of importance anyway. Vertical diffusion coefficient [m/s]

Alternatively, the vertical diffusion coefficient can be set
proportional to entropy (the approach taken by CLaMS, Fig. 4. Vertical diffusion coefficient climatology.
Konopka et al.2007) or to a constant value. Actually, the
shape of the diffusion profile based on entropy is quite simi-
lar to our approach (Fidt, red line), which makes the choice
of the method a matter of philosophy rather than being of
practical implications.

The vertical mixing depti\z is obtained individually for

. ) : . wa
each air parcel in the ATLAS triangulation approach. Ideally, . .
Az would be obtained from If Eq. (4) would be used for the vertical resolution

and the aspect ratio would still be respected, the hor-

Az(z) = /8K§“m(z)At (4) izontal resolution would be no free parameter and e.g.
' ro(20 km)=x(20 km)Az(20km)/2.  With Az as small as
wherez is the log-pressure altitude of the air parcel. How- inferred from the vertical diffusion coefficient climatol-

thickness 2km needs to have a width of 500 km and will
need correspondingly longer to be mixed. If the horizontal
and vertical resolution of the model would be decoupled, the
mixing in the model would not work anymore in a realistic

ever, the equation actually used is ogy (e.g.Az~450m andrp~55km for K,=0.58 nf/s and
5 oim At=12h), the number of air parcels and model layers would
Az(z) = "0 d ) (5) increase to values computationally too expensive. Thatis, the
«(20km) | KM (20km) method used in the model overestimates the effective vertical

«(20km) is another free parameter of the model and deﬁnesdiffusion coefficient due to computational constraints. Note
the aspect ratio between the vertical scateand the hori- that CLaMS effectively implements the layer thickness in an

zontal scaleg of the model in the lower stratosphere. This equivalent way and suffers from the same problem. This can

follows from the above equation with=20 km: be partly compensated_b_y settihgto high values, V\(hich.re- _
duces the number of mixing events. However, while this will

o« (20km) = 2rg/ Az(20km) (6)  lower the effective bulk diffusivity of the model, every single
The factor 2 is due to the fact that in a layer of depthwith irgz;ggfaer\éeent will still take place over a vertical distance that

uniformly distributed points, the mean distance of any two

points will be Az/2 Finally, Az is split into an upper parhzypp, Which we use

Lo . to search for all points betweenandz+Azypp and a lower
The reason for skipping the (physically correct) depen- . upp
bping (phy y ) dep part Azjow to search for points betweerandz— Azjow. The

dency onAr and introducing the dependencymyis that it is .
important to match the horizontal and the vertical scale of theSImpIeSt approach would be to set both valuequ. In
ur approachAzjew and Azypp can take different values.

model. The mean horizontal distance between air parcels iri_ ) .
irst, if the interval[z—Az(z)/2,z] crosses the tropopause,

a layer of deptihAz must be of the ordety(z)=a(z) Az(z)/2 . .

to ensure that mixing events affecting a certain distance i Zlow IS Set such that the mterve_ll ends at the tropopause. The

the vertical do affect an area of the correct horizontal extentame 'S done Wlt.mZ“pp and the intervalz, z+Az(2)/2]. To
avoid problems in other regions whekg changes rapidly

and vice versa, as given ly A simple example may illus- . . .
trate that: a typical filament in the stratosphere could haveWlth altitude, Azjow is calculated as half of the mean value of

/
a thickness of 1 km and a horizontal extent of 250 km, corre-2(¢) betweent andz—Az(z)/2,
spon.di.ng to an asp'ect ratio of 250. !f the vertical diffusion 1fzz—Az(z)/2AZ(Z/)dZ/
coefficient would mix a layer of 1 km in 12 h to background Aziow(z) = > A 5
values, it would also mix the structure of 250 km extent hor- 2@)/
izontally to background values in that time. A filament of An analoguous aproach is taken witlypp.

@)
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Equation b) can be interpreted as introducing an effective every newly inserted or merged air parcel to achieve a more
a(z) by uniform vertical distribution of air parcels (Fi§). The ran-
dom number is chosen from an interfat Aziow, Azupp),
Az(2)=2ro/e(2) with these values again calculated as in S2&.3 In most

and cases, the addition of the random component only slightly
increases the diffusivity.
a(z):a(ZOkm)\/KZC“m(ZOKm)/KZC“m(z). Since there is still a certain vertical clustering of the air

o ) ) ) _ ~ parcels in the CLaMS global layer triangulation approach
This implies a higher effective aspect ratio at altitudes with yith simple vertical averaging, we also add a random num-
a lower Az and vice versa. Very probably, this ad hoc as- per to the vertical coordinate in the CLaMS triangulation ap-
sumption of the variation of(z) with altitude is not com-  proach by default. This modified CLaMS approach is the
patible with the real atmospheric variation, but this variation op|y computationally feasible method for higher resolutions,
stant with altitude. In future versions, that may be changedyso here. A discussion of the differences of the approaches
to allow a varying horizontal resolution. For the following in the results is given in Se@.5.
validation the effect is small, since the model is compared to

measurements around 20 km altitude. ) .
2.3.5 The effective large-scale diffusion in the model

2.3.4 Inserting new parcels It is possible to estimate the diffusion coefficient from the
mean distancér of any two points in a Gaussian distribu-

If a new air parcel is inserted, its coordinates are calculatedion of air parcels as the one used for E3). (t turns out that
as follows: the longitude and latitude of the new air parcel o ,2—2,2 and hence the estimate is

are calculated by transforming all longitudes and latitudes of 5

the old air parcels to cartesian coordinates with a local ortho-x = o (8)
graphic projection, and averaging theand y coordinates. At

The result is transformed back. According to this equation, we estimate the diffusion coef-

Inthe CLaMS approach, the vertical coordinate is the averficent in the model for every newly inserted or merged par-
age of the old vertical coordinates. This would lead to a clus-cel. For comparison with other published values of the diffu-
tering of the air parcels in the middle of each layer with fixed sion coefficient, the diffusion coefficient averaged over a cer-
layers: the average of some random numbers from an intertain geographical area and not for an individual air parcel
val will typically be close to the middle of the interval and is needed. Hence, a mean diffusion coefficient is calculated
is bounded by the original numbers. This increases the numfor every mixing step by averaging over the diffusion coeffi-
ber of air parcels near the middle of the layer in every mixing cients of the air parcels in a given area. Parcels not affected
step and leads to a positive feedback which results in the gery mixing are assigned a coefficient of zero.
eration of layers in the vertical distribution of parcels. For Itis possible to derive equations that provide some insight
this reason, a staggered set of vertical layers is used in evon how the diffusion behaves if we change the free model
ery second mixing step in the CLaMS global layer approach.parametersy, Ac, « andAt, see also Fig. 5 donopka et al.
However, this approach still cannot avoid a certain clustering(2003. If two air parcels are mixed in the_ or r_ step, the

of the parcels into layers (Fi§). horizontal diffusion that the newly inserted air parcel experi-
Somewhat surprisingly, there is the same problem in theences can be roughly estimated to

ATLAS local layer approach of triangulation, if the CLaMS 2 2

method of averaging is used. Although there are no predek £ ~ —= = —O_exp(+-21.A1) (9)

fined layers, the same process can be triggered once there 4ar  4At

is a small random initial deviation from a uniform vertical and the vertical diffusion to

distribution of the air parcels: the deviation will tend to be . (Az/2)? r2K8m(z) 10

amplified in the next mixing steps by the feedback QescrlbedKz ~ AN T 4a(20kmZKSM (20km) A7 (10)

above. This results in a process of self-organisation of the

vertical coordinate values, where neighboring layers of en-since the typical distances between the air parcels that con-

hanced parcel density are in concurrence for the parcels intribute to the new parcel arg. andAz/2. It is obvious that

between. the diffusivity of the model increases for decreasing reso-
It is necessary to work against this effect to avoid the for-lution, just because every single mixing event occurs over

mation of pronounced vertical layers and associated proba larger distance. For decreasingmore mixing),K £ (dif-

lems with vertical mixing. Since there is no possibility of fusion in flow direction) decreases, Whiléﬁf (diffusion or-

a staggered set of layers as in the CLaMS approach, a randothogonal to flow direction) increases. For the spatially aver-

number is added to the average of the vertical coordinates imged diffusion and also for the average diffusion that a single

Geosci. Model Dev., 2, 15373 2009 www.geosci-model-dev.net/2/153/2009/



I. Wohltmann and M. Rex: The Lagrangian model ATLAS 161

-
N
o
S

-

)

=1

S

[
1)
S
S

N

1}

S

S

©
=3
S

\
90014,

@
<]
S

Potential temperature [K]
~
8

Potential temperature [K]

600 F45¢sles Y

90 4000 8000 -9

45 0 5 90 4000 8000
Latitude [deg] Points/Bin

Points/Bin

U e 1200 2wl
2 y . 240 S
o 1000} * rP 2
Xy ¥ B
o)
%0 1 2 90 2

0

Potential temperature [K]
Potential temperature [K]

0

0 5 0 45 10
1000 Points/Bin Latitude [deg] 1000 Points/Bin

0 45
Latitude [deg]

Fig. 5. Vertical distribution of air parcels for the ATLAS triangulation approach (top) or the CLaMS triangulation approach (bottom) and
the random vertical coordinate off (left) or on (right). Results of a model run mgii50 km (top) org=100 km (bottom)Ac=2 d-1 after
4.5months. The scatter plot shows the distribution of air parcels in the potential temperature-latitude plane (ignoring longitude). Only
a subset of all air parcels is shown to make the clustering visible. The blue line shows the vertical density of the points (as the number of
points per the local value of the layer depth). Red lines are the layers of the CLaMS approach.

parcel experiences over a large number of mixing steps, thgenerates spurious transport across mixing barriers and steep
percentages of added and merged parcels also matters (stacer gradients. This results in the artificial generation of
Fig. 11). These are also a function of the mixing parameters,small scale structure and patchyness in the tracer fields. The
particularly ofA¢, where lower values correspond to higher mixing in the model has to be tuned to keep this patchy-
percentages of mixed parcels and a higher average diffusioness at realistic levels. Hence, the mixing in the Lagrangian
coefficient (and vice versa). Supplementary to the analysis iTodel will always tend to overestimate the real diffusion in
Konopka et al(2003, we find that the increase of diffusiv- the stratosphere somewhat, though to a much lesser degree
ity with lower A¢ in CLaMS and ATLAS is not only due to than an Eulerian model. Eulerian models suffer from noise
the increase imﬁf, but that the higher percentage of mixed and discretization in the driving wind fields in a similar way,
parcels contributes significantly. Note that the vertical andbut additional numerical diffusion largely dominates these
horizontal diffusion can be varied independently from eacheffects such that they do not become visible.

other within certain limits, sinc&. appears only in the hori-

zontal diffusion coefficients and only in the vertical. o )
3 Validation and tuning

2.3.6 Additional patchyness from noise in the wind

. 3.1 Introduction
fields

The validation of ATLAS is based on the same aircraft data
In principle the strength of mixing between air parcels canset that is used in the validation of CLaMS 3-DKonopka
be tuned to the real atmospheric mixing. But in practice ran-et al. (2004 in order to facilitate direct comparisons: the
dom motions from noise in the driving wind fields and their model is validated by comparing a passive methane and
Eulerian discretization result in spurious random transport ofa passive Halon-1211 tracer to values measured during the
air masses. This contributes to unavoidable excessive dispeBOLVE/THESEO 2000 campaign in the Northern Hemi-
sion even in a purely Lagrangian transport approach, whictsphere winter 1999/2000Néwman et al.2002. A number
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of model runs is started with different mixing parameteriza- Outside the polar vortex, the methane tracer is initialized
tions. Each run simulates the period from 1 November 1999wvith monthly mean HALOE data from November and De-
to 15 March 2000. The methane and Halon tracers are initialcember 1999 (weighted equally) as a function of pressure and
ized at 1 December. Between January and March, the modedquivalent latitudeog (GrooR and Russell [J2005. Inside
tracers are compared to in-situ measurement data from sewthe lower vortex ¢e>64°N, 6<712K), an OMS balloon
eral high altitude flights conducted during the campaign thatprofile from the LACE instrument measured at 19 Novem-
are able to temporally resolve fine tracer structures. ber is usedRay et al, 2002, since HALOE is not able to
We will first describe the setup of the model runs and showmeasure in high latitudes and darkness. The profile is cor-
some examples for model results. A quantitative validationrected for the descent between 19 November and 1 Decem-
will then be done by defining parameters for the agreemenber, as inferred from a model run driven by the heating rates
of the modeled and observed tracer-tracer relationships andescribed above. The profile above 712K in the vortex is
the agreement of the spatial roughness of model and obse#g profile from the highest equivalent latitude bin of HALOE

vations. scaled to match the LACE values below. The Halon-1211
tracer is initialized by a methane to Halon-1211 tracer-tracer
3.2 Setup relationship measured at the OMS balloon flight.

The model results for the methane tracer are compared to
The model runs use the hybrid coordinate and are driven byneasurements of the ACATS-I\Rpmashkin et aJ.2001),
meteorological data from the ECMWF ERA Interim reanal- ALIAS (Webster et a).1994 and Argus (oewenstein et a|.
ysis Simmons et a.2006 2007) on 60 model levels (6h 2002 instruments on 11 flights of the ER-2 aircraft between
temporal resolution, 2 2° horizontal resolution). Heating 20 January and 12 MarcNéwman et al.2002. The Halon-
rates (clear sky) are also taken from ERA Interim. ERA 1211 model results are compared to ACATS measurements
Interim data in the stratosphere has improved considerablyn the same flights. Flights started from Kiruna (Sweden)
compared to the ERA-40 reanalysBifimons et al.2006  and probed the stratospheric polar vortex and surf zone.
2007, and, without any modifications, produces good agree-Halon and methane measurements from ACATS are avail-
ment with observations in the fOIIOWing. Vertical diffusion able every 70s, Corresponding to a resolution of about 20 km,
coefficients are taken from the built-in climatology. The tra- while ALIAS and Argus measurements are available every
jectory model uses a 4th order Runge-Kutta method for inte2 s (about 1 km resolution). Wherever possible, we use the

gration and a time step of 30 min. A change of the time stephigh resolution data, tracer-tracer relationships and Halon
to 10 min does not lead to any significant improvements inpjots use the low resolution.

the results.
Model runs are performed for all combinations of the res-3.3 Examples
olutionsrp=50, 100, 150, 200 and 300 km and critical Lya-
punov exponentsc=1, 2, 2.5, 3, 3.5, 4, 4.5, 5, and 104 Figure 6 shows model results and measurements for the
The number of air parcels ranges betweef (BD0km) and 27 January flight as an example. Results are shown for 50 km
107 (50km). All runs at and below 150 km resolution are resolution and optimal mixing parameteks$3 d~1, =250,
started both with the CLaMS and the ATLAS method of Ar=12h, see Sec8.5). Only the highest tested resolution of
finding the next neighbors. For higher resolutions, only the50 km is able resolve the fine filamentary structures at the
CLaMS method can be usedy is set to 12h and to 250.  edge of the polar vortex. The flight crosses the vortex bound-
Additionally, runs with fixedro (100 km) andic (3d~%) are  ary twice at a mean flight level of 50-60 hPa and contains
started for different values akr or «. The effect of switch-  a dive to 100 hPa around 12:00 UTC. For the comparison,
ing the random vertical coordinate on or off is also studied. the flight path is transformed to the position of the probed air
The lower model boundary is at the hybrid level 350 K and parcels at 12:00 UTC by calculating short forward or back-
the upper boundary is around 1500 K. The number of virtualward trajectories starting at every measurement. Model re-
levels of the model (in the sense of the number of mixingsults at 12:00 UTC are interpolated to the transformed mea-
depthsAz one needs to stack on top of each other to span thesurement positions by averaging the mixing ratios over the
model domain) is 8 for 300 km resolution, 12 for 200 km, 16 next model neighbors of every measurement location, with
for 150 km, 24 for 100 km, and 48 for 50 km. a 2-D triangulation performed in the same way as in the mix-
The model is started on 1 November 1999, while the trac-ing step of the model. The model values in the average are
ers are initialized on 1 December. This is done to avoid anyweighted according to their distance to the measurement: the
spin-up effects in the mixing: usually, the equilibrium num- weight is 1 for distances smaller tharp2nd decreases lin-
ber of air parcels is lower than the number of air parcels theearly to zero at 3/4.
model is initialized with. This leads to a spin-up phase where Panels a and b show measurements and model results for
more points are deleted in every model cycle than insertedmethane and Halon as a function of time, while Panels ¢ and
which in turn alters the mixing properties of the air parcels d show the same as a function of pressure. The agreement of
in an unrealistic way. the modeled and observed methane and Halon-1211 values is
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Fig. 6. Example comparison of model resulig£50 km, Ac=3d~1) and flight data for 27 January, 12:00 UT) Measured methane

mixing ratios (red: Argus, blue: ACATS, green: ALIAS) and modeled methane mixing ratios (black line) as a function of flight time (UTC),
(b) Measured Halon-1211 mixing ratios (blue: ACATS) and modeled Halon-1211 mixing ratios (black line) as a function of flight time,
(c) Methane mixing ratio as a function of pressure (colored dots: measurements, black circles: model(dlbadn-1211 mixing ratio

as a function of pressurég) Tracer-tracer relationship of methane and Halon-12f)IMlodeled tracer field for the Northern Hemisphere

for all air parcels (dots) between 432-444 K. The magenta line denotes the positions of the air parcels probed by the flight at 12:00 UTC. All
model values have been interpolated from the nearest model parcels to the transformed flight path.

quite good, both for the gradient across the vortex edge andbserved tracer-tracer relationships, which we will use later
the vertical structure. Inner and outer vortex air masses caio validate the model. Panel f shows the methane tracer field
clearly be distinguished both in the model and the observaat the flight level, with the polar vortex characterized by low
tions below 70 hPa and the gradual transition from inner tomethane values.

outer vortex values above 70 hPa is also matched quite well The interpolation to the probed air parcels of the flight will
by the model. The modeling of Halon is challenging, sinceinevitably lead to additional diffusion in the model results,
the mixing ratios of Halon very sharply drop to zero above and different approaches for finding corresponding model
50 hPa. Hence, the location of the drop is a good test for thevalues show considerable differences in the results, see also
accuracy of the heating rates, the accuracy of the winds an&onopka et al(2003. Figure7 shows the remarkable dif-

the mixing parameterization. Panel e shows the modeled anfkrences for the flight on 11 March, which crossed a filament
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averaging means a better agreement in areas of low gradients (due to reduced scatter), while less averaging better preserves fine filame
structures. Lower right: modeled tracer field for the Northern Hemisphere for all air parcels (dots) between 432—444 K.

of extra-vortex air inside the vortex twice during the flight. 3.4 Validation measures
While the filament is clearly visible if using only the nearest
model neighbor to each measurement as the correspondiriphe quality of the model runs is judged by calculating a pa-
model value (free of any interpolation), it is more difficult to rametere for the agreement of the modeled and the observed
see for the average over the next neighbors and barely visiblgacer-tracer relationships for every run. Likewise, a param-
for the average over the next and second neighbors. On thetery for the agreement of the spatial “roughness” of the
other hand, parts of the flight where gradients are low showobserved and modeled tracer fields is calculated for every
a better agreement with more averaging in the interpolationrun.
This effect gets more prominentit is further increased (not  \yhile the parameter is a straightforward measure for the
shown). In this sense, the interpolation must be considereghixing intensity of the model, the parametemeeds some
as an integral part of the modeling. Hence, for the actualexplanation. For low mixing intensities (high), the model
validation, we try to find measures free of any additional in- fields show scatter and filaments, where the measurements do
terpolation. not show any. There are two possible reasons for this: first,
Figure8 demonstrates how the results change if the mix-tracer structures that would be mixed to background values
ing parametek. is varied. The left column shows an exam- in, reality are not mixed in the model due to the low mixing
ple where the mixing in the model is stronger than observedintensity. But additionally, the spurious transport described
leading to a mixing curve in the model that is on the con- i, Sect.2.3.6generates small scale structure and leads to the
cave side of the observed miXing curve. The middle panelsame effect, see alﬂmgras et al(zooa The two parame-
shows an example for optimal mixing parameters and theerss andy give some possibility to distinguish between the
right panel shows an example for too low mixing, where the o effects: spurious transport generates small scale struc-
modeled miXing curve is on the convex side of the Observeq:ure and hence has an effectpnBut these transport effects
curve. do not result in changes in the tracer relationships that are the
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basis fore in first approximation, since the artificial filaments intensity of the model and the observations. Correspond-
will be mixed with the same intensity as any filament. Any ing model pairs(mlf“"de',h[.mde‘) are found by looking for
exaggeration of model mixing used to balance the generatiothe nearest model neighbor to the measurement location in
of patchyness and to tuneto values close to observations Konopka et al(2004) to avoid interpolation to the measure-
results in deviations of modeled and observed tracer relationment location. Interpolation would cause additional mixing
ships which show up ia. and may considerably alter the tracer-tracer correlation curve
In the following, we will denote théth methane measure- (e.g. by introducing spurious mixing lines, not shown).
ment withm; (counting over all flights without resetting the  There are some possibilities to improve this definition:
counter), and the corresponding Halon-1211 measuremenst, for mixing ratios near zero (as it is the case for Halon-
with h;. 1211 in several parts of the flights), the relative differences go
The parametes for the comparison of the mixing inten-  tg infinity, and some single measurements can errorneously
Slty is defined by the sum of the distances in tracer'tracelaominate the overall sum due to measurement error.

sponding £1;, h;) pairs in tracer-tracer space (where one pair
is in the filament and the other is not). However, the mix-
ing intensity could still be right, that is the modeled mixing
h . . ; fatios in the filament would match the observed tracer mix-
Halon-1211 is very different, relative differences are taken 'ning ratios and the filament would have the right extent and
Konopka et al(2004) shape. Hence, in a model with perfect mixing but slight sys-
N pmodel \ 2 jmodel \ 2 tematic errors in the driving wind fields, the mixing curve of
N

bserved; observe
space of the measurem.entmg(z;(elfrsfmo ot hi I to the Secondly, errors in the wind fields used to drive the model
corresponding model paits:;">", h; )inKonopkaetal. can cause the position of some filament in the model to be
(20015‘)- Thatis, shifted from its position in the observations to a slightly dif-
o (m?bserved_ m?‘0d652+ (h?bserved_ h,mOde52. ferent place. This would cause a large distance of the corre-

i=1
A sketch of the method is shown in Fig.(left). Since the
absolute magnitude of the sum for methane and the sum fo

e=) | 1- st ~ 3 observe (11)  the model would still look exactly like the observed mixing
i=1 i i curve. Sinces should only measure the mismatch in mix-

whereN is the total number of measurements over all flights. ing intensity and not displacements of the filaments, this is

Small values mean a good agreement between the mixingot optimal. Konopka et al(2004 argues that for too low
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mixing intensities, spurious filaments that would be mixed that are next neighbors of the measurement locations, from
in the real atmosphere would also cause large distances dhe 2-D triangulation used in the mixing step and with
corresponding points in tracer-tracer space, which outweigtcentered at the measurement location. This method gives us
the effect of displaced filaments in We argue that the key a cloud of air parcels along the flight path. This is indicated
measure of mixing properties of the model is the shape of thénere by usingi for i as the index and/ for N for the num-
tracer-tracer relation and not the point-to-point distances beber of points. A potential disadvantage of the method is that
tween model and observations in tracer-tracer space and usecan only be applied to data only containing one compact
an approach that results in a clearer separation of the roughmixing curve (and no additional mixing lines).
ness effect (which is not only caused by too low mixing, but In some cases individual methane values in the model are
also by the random errors in wind fields) and the effect of outside of the range of the measured methane values, where
displaced filaments from the mismatch in mixing intensity in the fitted curve is valid. In this case, we do not use these val-
tracer-tracer space. Hence, we try to put the roughness effettes, so that is not based on exactly the same set of points
only intoy and try to define such that it is only affected by for some model runs. The validity of this approach is veri-
the mixing intensity. fied by extending the mixing curves with a best guess of the
A suitable definition minimizes if the shape of the mixing likely missing methane values and calculating the parame-
curve of the model gets more and more similar to the shape ofer again (these tests were not used for the validation). Re-
the observed mixing curve. We also look for a definition that sults are almost identical. The best guess is simply obtained
allows us to take the model values directly to avoid interpo-by extending the data of the tracer curves with methane and
lation. This can be accomplished by the absolute differences#ialon-1211 data from the third flight for the 5 other flights at
of the modeled Halon-1211 values to a curve fitted throughthe end of January or start of February, since it has the largest
the observed Halon-1211 as a function of observed methaneange of methane values. The flights at the end of February
A sketch of the method is shown in Fig(right). The sumof and in March are extended with data from the eighth flight.
these differences is largely proportional to the area between The parameteyp for the roughness of the field Kkonopka
the mixing curves of the model and the observations. Theet al.(2004) is defined in two steps: the sum of the absolute
observed methane is taken from the average of the three irdifferences of successive methane measurements is

struments. To obtain the absolute difference, we evaluate the N—1
fit function at the modeled methane value. That is Aobserved= Z Im?fiewed— m?bse“’e‘]’ (13)
1 % model__ 7obs . _mode i=t
Tu Z_;'hj ~ Gy m; ) (12) The same can be done for the model values of methane. The
= ratio of the measured and modelads
wherek(;) is the flight number belonging to the modeled A
value j and h,?bs is a polynomial fit through the observed y = _model (14)
tracer-tracer relationship of fliglit Since we use a contin- Aobserved

uous curve for the observed tracer-tracer relationship, we da/alues near 1 are defined as the optimum. With this def-
not need to use a single corresponding valfi®®®'for every inition the magnitude of the roughness will depend on the
measurementz?bser"e‘.‘ Instead, we use all model air parcels spatial scale of the structures we are looking at. It will make
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a difference if the measurement locations are 1 km or 20km For a givenrg, data points show more intense mixing to

apart. More importantly, it will also make a difference if the the left (low values of.¢) and less intense mixing to the right

model air parcels are 50 km or 300 km apart. In this sense(high values ofi.c). A.=10d1 is virtually identical with no

y is not a very robust measure of the roughness. Hence, wenixing at all (.c— 00).

use a definition ofy that compares the roughneAsgpserved The agreement of the modeled tracer-tracer relationship

and Amodel at the spatial scale of the model resolution and iswith the observed one generally improves with increaging

robust to changes in the spatial distance of the measurementSor higher resolutions it does only reach a shallow minimum
Our approach compares the standard deviations of that roughlyr.=3d™! to ;=4 d~! (see also Figl2), which

modeled and observed methane values at the spatial scale obmpares well with the valug.=3d~* given in Konopka

the effective model resolution: we determine the next modelet al.(2004). This basically means that the observed mixing

neighbors of each measuremeéniexactly as described for is extremely low and very anisotropic: the ratio betwegn

the other parametet) and calculate the standard deviation andr_ is larger than 20 for these values xf. Switching

o; of the modeled methane values for each set of next neighmixing off in the model is actually not a bad option for opti-

bors (avoiding any interpolation). Now, all standard devia- mizing ¢. Indeed, the observed tracer-tracer relationships on

tions are averaged to give a mean standard deviatipgel the first flight on 20 January and the last flight on 12 March

In addition, we calculate the mean distance of the points inare very similar, indicating that mixing in the real strato-

every set of next neighbors and compute its averaddow, sphere is extremely low.

we look for all pairs(m?bser"ed}m?bse“’e"ﬁ of measurements Generally, the agreement of the tracer-tracer relationships

which are separated by a distance withih-Ad,d+Ad], improves with higher resolutiar if A¢ is held constant. This

with Ad=5km. It can be shown that the standard deviationis due to the fact that the model gets more diffusive with in-

of this set of points is given by the following equation: creasing distance between the mixed air parcels.

Where the triangulation approach of the ATLAS model is

1 ¥ applicable (dashed lines), it is generally less diffusive than
observed= ﬂZ(m?bservedl_m?bsewedgz 159 the cLaMs approach (solid lines), see also Hig. For the
] ' . ] same set of mixing parameters, the results of the ATLAS tri-
whereN is the number of pairs. Now, we define angulation approach are superior to the CLaMS approach.
_ _Omodel (16) One likely reason for that is that the number of mixed parcels
Oobserved is lower in the ATLAS approach than in the CLaMS approach

in equivalence to Eq.1d). Theoretically, a term for the sta- for the same\; (Fig. 11). This is due to the lower average

tistical measurement error in the observed values needs teertical distance between mixed air parcels: the maximum

be considered, since the standard deviation of the observalistance of two mixed air parcels 15z in the CLaMS ap-

tions will not only be caused by real variations of the mix- proach (if both are at the edges of the layer), but oty 2

ing ratio but also by measurement noise. This would causén the ATLAS approach (since one of the parcels is by defi-

an offsetopias t0 oopserveg@nd the denominator would be nition at the center of the local layer). A possibility to work
/ngserved_ szias However, it turns out that this correction aga}lnst that in the CLaMS approach wpuld be to increase

is negligible until the percentage of mixed parcels is low enough. How-

It is important to note that o gives us only a measure ever, there would still be qualitative differences between the

for the deviation of the model variability from what we would approaches. E.g., if an air parcel is situated at the boundary

expect from the observations at the given model resolution.mc a layer in the CLaMS approach, it is possible that it does

There is no penalty if small filaments just do not appear innojt mix with averticglly close parcel just because it is in the

coarser model resolutions. In this sense it gives a relative bu"fldj"".cer?t layer. In ﬂ."s rlespect, the ATLAS approach behaves

not absolute measure for the expected variability. qualitatively more like in the real atmosphere. In fact, there
Note that our definition of andy does not imply a perfect are some runs with the ATLAS approach for 150 km reso-

agreement of the observed and modeled time series along tHgtion, W::i.Ch rS]hOW a Ioweslth.an any run with the CLadMS
flight path ife = 0 andy =1. For example, all filaments could approach in the same resolution, no matter wias used.

be displaced by a small distance between the modeled and .H.owever, note_that for coarse resolutions (say 300 km) the
observed time series along the flight path in this case. MIXING Process in the ATLAS. as well as the CLaI\/_IS_ ap-
proach will become unrealistic. The diffusion coefficients

3.5 Validation results of single mixing events will become unrealistically large and
that can only be compensated by settigdo large values to

Figure 10 shows the results for the parametgrande for obtain realistic bulk diffusivities (see Sed). But this will

different model resolutiong and different values of the cri-  still be a better option for long-term runs in coarse resolu-

tical Lyapunov exponent. (for a comparison of our defi- tions than using an Eulerian approach.

nition of ¢ andy and the one given iKonopka et al.2004

see AppendiB).
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Fig. 10. Mixing mismatch and tracer roughness. Left: the parameter the difference of the modeled and observed tracer-tracer relation-
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approach of CLaMS, dashed lines show results for the triangulation approach of ATLAS. Right: same for the pardorettes tracer
roughness ratio.
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Solid lines show the CLaMS triangulation approach, dashed lines

show the ATLAS triangulation approach.

For all resolutions, the roughness ratiancreases more (cyan). Note however that the minima are shallow and that
or less uniformly with decreasirig. (the model fields are too  Some uncertainty is introduced by this. In addition, the AT-
smooth for low values of and too rough for high values of LAS triangulation approach is optimal at smaller values of
Ac), see Figl0 (right). The optimal value fok. based only ~ Ac than the CLaMS approach, possibly since it is less diffu-
ony=~1is about 2d?! to 3.5d" for all resolutions and both ~ sive and needs more mixing in the model to obtain optimal
triangulation approaches. results. The values at 300 km should not be taken too se-

Since the effect of random errors in the wind fields and riously, since the minimum of is at the highest testett
numerical discretization shows up mainly in the roughnessof 10d™1 here. Often, it will be unavoidable to find a com-
ratio y and not in the mixing mismatch (because the artifi- promise in optimizingy ande, i.e. to fight the patchyness
cial filaments would still be mixed with the right intensity), by setting the mixing intensity to slightly higher values than
y should optimize at lower values of. (at higher mixing ~ suggested by (lower values for.c).
intensity) thane. Figure12 shows that this is in fact what The results are not very sensitive to the value of the aspect
is observed in most validation runs. It shows thevalues ratiow. Values between 200 and 500 give comparable results
where thes curves minimize (blue) ang is closest to one to 250. As long as the produatAr stays constant, the re-
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sults are also not very sensitive to the mixing time step

. —— 100 km (CLaMS triangulation), random z on

Values of 6 h and 24 h give comparable results to 12 h. These A E 100 km (CLaMS triangulation), random z off
. . . 0.35H - = = =150 km (ATLAS triangulation), random z on

results are also confirmed by the validation of the CLaMS 1+ 150 km (ATLAS triangulation), random 2 off

model Konopka et al.2004 2005.

Figurel3shows that the effect of adding the random verti-
cal coordinate is small in the range of the minimamwalues
both for the ATLAS and CLaMS triangulation. However,
switching the random vertical coordinate off does decrease
the diffusivity for the lowest.. values in the ATLAS trian-
gulation approach. This is very likely due to the vertical clus-
tering into layers of enhanced parcel density that sets in if the
random coordinate is switched off and the mixing intensity is
high. This effectively suppresses vertical mixing and lowers 0.05— 25 3 35 .
the effective diffusion coefficient to values which are nor- A (Lyapunov exponent) [1/day]
mally observed at higher; values. That is, while improving
the vertical homogeneity of the model, the random coord|-of newly inserted parcels. The solid blue line shaw®r 100 km

nate has either negligible effects on the diffusivity (higf) resolution, the CLaMS triangulation and the random vertical coor-

_or 'S_ just necessary for a realistic behaviour of vertical mix- dinate on, the dashed red line for 150 km, the ATLAS triangulation
ing in the ATLAS approach (lovi). and the random vertical cordinate on. Dotted lines are the same with
the random vertical coordinate off.
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Fig. 13. Effect of adding a random number to the vertical coordinate

4 Estimation of diffusion coefficients

It is desirable that the diffusion coefficients obtained with andy in the same manner as in Fig2. The vertical diffu-
the optimal mixing parameters are in the range of other estision coefficient takes values between 0.¢7s@and 0.36 rfis
mates. However, there are few direct and independent edor the optimak and the CLaMS triangulation approach, and
timates of diffusion coefficients (e.g. from radar measure-values between 0.024fs and 0.1 r#s for the optimak and
ments, like Fukao et al1,994 see also Wilsor2004. Most  the ATLAS triangulation approach. The optimalshows
estimates (including ours) are based on indirect methodertical diffusion coefficients that are probably too large, if
as the reconstruction of observed tracer filaments, profilegompared with the estimates from the other studies. These
or tracer-tracer relationships, usually with a diffusion com- values are increased due to errors in the wind fields. In sum-
ponent and sometimes a Langrangian transport componenfary, our results suggest a value of about 0#snfor the
e.g. by a simple 1-D diffusion model for the mean verti- vertical diffusivity. As noted, the estimated bulk diffusivities
cal profile Massie and Hunteri981), numerical models for ~ Will probably be more realistic for high resolutions, since the
strain and diffusion of filamentBglluch and Haynes997 diffusivities of single mixing events are probably too large
Waugh et al.1997), or by averaging stochastic back trajec- for coarser resolutions.
tories (egras et al.2009. In contrast to e.gBalluch and Our estimate agrees well with the value 03/sngiven
Haynes(1997, the information about the diffusion coeffi- for the lower stratospheric surf zoneliegras et al(2009.
cient comes mainly from the tracer-tracer relationship in ourValues from the radar measurements (0?Isto 0.5 n¥/s
method and not from reconstructing fine filaments, which arefor Fukao et al. 1994 tend to be larger than other esti-
only resolved in the highest resolutions. A general problemmates. Also thidlassie and Hunte(1981) value of 0.58 ni/s
of a comparison are the large differences in the methodsat 22km seems to be relatively large. As estimated in
Some are local (radar on the 100 m scale), some give buliéect.2.3.3 values like these would roughly correspond to
estimates, some are Eulerian, some Lagrangian, some diregtminimum width of a filament of 50 km before it disappears.
and some indirect. One reason might be that the effects of the large-scale ad-
Figure 14 shows the effective mean (bulk) vertical and Vvection by the Brewer-Dobson circulation are not consid-
horizontal diffusion coefficients north of 60! at 430K as  ered in studies likélassie and Hunte(1981). On the other
a function of. andro, calculated as in Sec2.3.5 Ver-  hand, the estimate dalluch and Hayne1997 (0.01 nt/s
tical diffusion coefficients obtained from the studies men-to 0.001n%/s) and ofLegras et al(2009 for the inner vor-
tioned above are also shown for comparison. The modeledex (0.01nt/s) are on the lower side of our estimate. Dif-
vertical diffusion coefficient increases with lowkg, which ~ ferences can at least partly be explained by the likely depen-
is due to the increasing number of mixing events, and in-dence on season and location (e.g. single filaments in Bal-
creases with coarser resolution, which is due to increasinduch and Haynesl997, or the average north of 60 in our
distances between mixed parcels. Figifeshows the value ~approach compared to the separate values for surf zone and
of the vertical diffusion coefficient at the optimal valuescof ~ Vortex in Legras et al2009.
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not only due to the increasing number of mixing events, but
also modified by the increasing diffusivity orthogonal to the
flow direction and the decreasing diffusivity in flow direction
(Sect.2.3.5. Waugh et al(1997 gives a value of 1dm?/s

for the horizontal diffusion coefficient, which seems to be
somewhat lower than our effective diffusion coefficients. The
sharp drop in the horizontal diffusion at values of 5d?

and 10 d'1 is due to the fact that only very few mixing events
occured at these values and that all events were merging
events (_), while at loweri. values, als@;. events occured,
which have a much larger diffusion coefficient (at the same
mixing parameters). That hints at the fact that the mixing in
the model will get unrealistic at these large values of

5 Conclusions

proach, dashed lines the ATLAS triangulation approach. Shaded;ih Lagrangian transport and mixing was presented. In this

areas and solid black lines show vertical diffusion coefficients from

other studies for comparison as in FigL

The right panel of Figl4 shows the horizontal diffusion

coefficient, which ideally should be a scaled versionkof

sinceHaynes and Angladé€1997) claims Kn=«?K.. The

paper, we focussed on a basic model description and the pre-
sentation and validation of the transport and mixing module
of the model. In conjunction with a projected second part
concentrating on the chemistry module, the paper is thought

to serve as the reference citation for the model.

The ability of the transport and mixing model to reproduce

grey lines show the vertical diffusion coefficients from the observed tracer data and fine-scale tracer structure has been
left panel scaled by?. In general, the agreement is quite successfully demonstrated. Excellent agreement to observed
good for values smaller than.=5d!, although the hor- structures up to scales of typical polar vortex filaments can
izontal diffusion coefficients are somewhat larger than ex-be reached with suitable settings of the free parameters of
pected fromk, (note the logarithmic scale). This could be the model, which were extensively tested and validated.
interpreted as the effective aspect ratio of the model being The results of the validation suggest a vertical diffusion
somewhat larger than 250. The modeled horizontal diffu-coefficient on the order of 0.14fs in the high-latitude lower

sion coefficient also increases with lowky, which is now  stratosphere, which fits well into other estimates. However,
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the vertical diffusion coefficient remains a parameter that
can only be estimated with large uncertainty, ranging from
0.5 n?/s to 0.001 ri/s in the literature cited here.

The model makes heavy use of concepts developed for the
CLaMS model, and consequently part of the study focussed
on comparison with that model. Generally, results seem to
be of comparable quality and the changes introduced in AT-
LAS were demonstrated to improve the results (new concept
for identifying the neighbors for the mixing process) or to
have little effect (effect of random vertical coordinate in the
CLaMS triangulation, diffusion coefficient climatology ver-
sus entropy-based diffusion coefficient).

As always, time and space did not permit to study all as-
pects of the model and the validation. For example, since
the diffusivity of the atmosphere will vary in time and space,
it would be interesting to validate the model with data from gig A1, 3-D triangulation of air parcels on the globe in the ATLAS
other geographical regions or seasons, e.g. to see if the modglangulation method. Edges connecting air parcels are shown as
is also able to reproduce mixing lines in cases of strong mix-black lines, colors denote an arbitrary altitude scale for better visu-
ing events (i.e. in the case of fast anomalous mixing, com-alization. The sphere is cut into two halfes, with one half removed,
pared to the constant mixing which is slowly lifting the cor- to allow for a look into the interior of the triangulation.
relation curve on the concave side). It would also be illu-
minative to compare the validation results of the Lagrangian
model to the results an Eulerian transport code would give. in the final 2-D triangulation. Empirically it is found that in-

Future plans with the model include the improvement of cluding the first and second neighbors makes the cloud large
the representation of the troposphere, and in the long runénough for this purpose.
the full coupling to a Atmosphere Ocean General Circulation
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Appendix B
Appendix A Comparison of the different definitions of ¢ and y
Some details of the ATLAS triangulation method Figure B1 showse calculated by Eq.11) (originally from

Konopka et al.2004 for comparison with our definition of

the parameter by Eq1P) in Fig. 10 (left). ¢ according to
The 3-D triangulation is performed in cartesian space, that isq. (11) (with corresponding model points obtained by near-
the spherical coordinates are transformed to cartesian coogst neighbors) shows more scatter than auin addition,
dinates before triangulation with a given radius of the Earthsome of the lines for different resolutions are cutting across
of a=6371km. Since the large aspect ratiof the shallow  each other (note that Fig. 11 Konopka et al (2004 uses
atmosphere would produce very flat tetrahedrons and severg smoothed version of the curves). However, it is reassur-
numerical problems in the triangulation, the atmosphere isng that the general conclusions are still the same if using
scaled by a factor of 250 before triangulation. That is Eq. (L1).
Figure B2 shows the ATLASy (Eqg. 16) for rp=100km

_ /
* = (a+25Q") cospcost as reference, ang as defined by Eq.14) based on three

y = (a+25Q") cospsini (Al)  different methods for finding the corresponding model point

7 = (a+250)sing mM°%€l to the measurement: nearest model neighbor of the
measurement and two methods of interpolation, namely av-

wherez’ is log-pressure altitude, longitude ¢ latitude,x, y, erage over the next neighbors and average over the next

z cartesian coordinates. Finally, an artificial point is insertedand second neighbors. While the method without averaging
at the center of the Earth to avoid that the triangulation cre-(nearest neighbor) shows too much variability for)alland
ates tetrahedrons in the Earth’s interior. This point is laternever reaches the optimal value 1, the method with the most
removed from all neighbor relationships. A visualization of averaging (first and second neighbors) shows relatively small
the method is shown in Fig\1. values at large values of;, since it tends to smear out fil-
The 3-D triangulation is only needed to produce a cloudaments that are actually in the model data and introduces
of points surrounding the original point, which includes all spurious mixing. The blue lines show the results if the low
points that could possibly be a neighbor of the original pointresolution measurements of ACATS are used (about 20 km
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