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Abstract

We present a novel method for the quantification of transport, chemistry, and mixing
along atmospheric trajectories based on a consistent model hierarchy. The hierar-
chy consists of the new atmospheric-chemistry trajectory-box model CAABA/MJT and
the three-dimensional (3-D) global ECHAM/MESSy atmospheric-chemistry (EMAC)5

general circulation model (GCM). CAABA/MJT employs the atmospheric box model
CAABA together with the atmospheric-chemistry submodel MECCA (M), the photo-
chemistry submodel JVAL (J), and the new trajectory submodel TRAJECT (T), to sim-
ulate atmospheric chemistry along atmospheric trajectories which are provided off-
line. With the same submodels coupled to the EMAC model, a unique consistency10

is achieved, which allows to separate contributions of transport, chemistry, and mix-
ing along the trajectory pathways through comparison of results from the two models.
Consistency of transport between the trajectory-box model CAABA/MJT and the 3-D
EMAC model is achieved via calculation of trajectories based on 3-D wind fields from
EMAC. The procedure to obtain the necessary statistical basis for the quantification15

analysis is described as well as the comprehensive diagnostics with respect to chem-
istry. The quantification method is applied to 3-D model data as a diagnostic tool with
the focus on the transfer of results to observational data.

1 Introduction

Transport, mixing, and chemistry are complex key processes which determine the dis-20

tribution of chemical species within the atmosphere. Given the concentrations of chem-
ical species observed at a certain point in time and space, the quantification of con-
tributions of the respective processes is often only partially possible. Analyses of the
correlations and lifetimes of shorter-lived species can help to assess the relative effects
of mixing and chemistry in some cases, but given the complexity of the atmospheric25

environment, we present a new method to quantify the contributions of transport, mix-
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ing and chemistry with a consistent model hierarchy. We consequently further devel-
oped the idea of separation of the different contributions within a grid-based model
(e.g., Arteta and Cautenet, 2007) to a Lagrangian method by the introduction of the
trajectory-box model CAABA/MJT with maximum consistency to the 3-D grid-based
EMAC model. Quantification results allow to investigate the transport and mixing char-5

acteristics of a grid-based 3-D model and complement observations with additional
information about the history of observed air masses.

Several zero- and one-dimensional model types are currently employed in atmo-
spheric research, among them atmospheric-chemistry box models to investigate chem-
ical and photochemical processes at a certain location, e.g., MECCA (Sander et al.,10

2005), trajectory models to investigate atmospheric transport pathways of air parcels,
e.g., LAGRANTO (Wernli and Davies, 1997), TRAJKS (Scheele et al., 1996), and
FLEXTRA (Stohl et al., 1995), Lagrangian particle dispersion models, e.g., FLEXPART
(Stohl et al., 2005), and combinations thereof, e.g., CLaMS (McKenna et al., 2002), and
BRAPHO (Sinnhuber et al., 1999). All of these models have been designed for their15

own special purpose. The specialty of the trajectory-box model CAABA/MJT presented
here is its comprehensive and flexible chemical mechanism provided by MECCA and
its unique consistency with the global three-dimensional (3-D) ECHAM/MESSy atmo-
spheric chemistry (EMAC) model (Jöckel et al., 2006).

2 Methodology – the model hierarchy20

We employ a model hierarchy consisting of the 3-D EMAC model and the atmospheric-
chemistry box model CAABA (Sander et al., 2009). Both models were developed within
the MESSy framework (Jöckel et al., 2005), which allows flexible coupling of the same
submodels to various base models, as shown here for CAABA and EMAC, so that an
exceptionally high consistency between the model setups is achieved (see Fig. 1).25

The trajectory-box model setup presented in this publication employs CAABA as
base model and uses three submodels: the submodel MECCA to simulate atmo-
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spheric chemistry, the submodel JVAL to determine photolysis rate coefficients, and
the new submodel TRAJECT for the processing of trajectory information. This is the
combination of submodels presently referenced as CAABA/MJT. The 3-D EMAC model
data were produced using the same submodels MECCA and JVAL. The trajectory-box
model is thus suitable for the quantification of contributions and for an on-top analysis5

of chemical events within the 3-D model, which are described in the next paragraphs
and in Sect. 4.1, respectively.

We use combinations and comparisons of results from CAABA/MJT and from EMAC
to determine the contributions of mixing, chemistry and transport along trajectories,
which are provided offline. Figure 2 shows the applied models and their spatial10

regimes.
The quantification is individual for each tracer M. The mixing ratio µM initialised at

the beginning of a trajectory, interpolated from EMAC grid-based results at the corre-
sponding position in time (t=t0) and space (r=r0=(x0, y0, z0)), defines the theoretical
influence of undisturbed transport (µM,trans). Subsequently, the system of chemical ki-15

netic equations is solved within CAABA/MJT forward in time along the trajectory. The
differences of mixing ratios between start (t0) and end (t=tE ) of the trajectory define the
contributions of chemistry (∆µM,chem). Finally, due to the high consistency between the
box model CAABA/MJT and the 3-D EMAC model, it is possible to attribute differences
in tracer mixing ratios between the two models at the end of a trajectory to mixing, the20

only fundamental difference (∆µM,mix).
In conclusion, the mixing ratio of a species at the beginning of a trajectory repre-

sents the theoretical contribution of transport as known from passive tracers. It is
subsequently modified by pure chemistry through CAABA/MJT and by mixing as im-
plemented in EMAC. Figure 3 and the following equations, in which CAABA/MJT is25

abbreviated as CAABA, summarise the above description:

µM,trans = µM (EMAC(t0, r0)) = µM (CAABA(t0)) (1)

∆µM,chem = µM (CAABA(tE )) − µM (CAABA(t0)) (2)
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∆µM,mix = µM (EMAC(tE , rE)) − µM (CAABA(tE )) . (3)

Trajectories are based on the 3-D wind fields from EMAC to ensure consistency in
transport between trajectory-box model and global model. The corresponding bound-
ary conditions used in the trajectory-box model are sampled from the 3-D model along
the calculated trajectories. If backward (forward) trajectories are analysed, sensitivity5

tests can be conducted by variation of the backward (forward) time of the trajectories
and corresponding variation of the initialisation (end point). In general, the shorter the
trajectory the more congruency to the 3-D model is expected and the fewer trajectories
are necessary to represent different transport pathways (see also Sect. 3).

The uncertainty concerning chemistry can be estimated using an ensemble plot10

showing the mixing ratios of a certain species on several trajectories as shown for the
application example (Sect. 5). A detailed analysis of chemical processes is outlined in
the model description of CAABA in Sect. 4.1 and exemplarily shown in the application
section. Tracers which are chemically inert at the time scales of a few days provide
an additional analysis of mixing influences. SF6, for example, is suited to assess an-15

thropogenic influence; its source features no significant seasonal cycle and is purely
anthropogenic with a corresponding mixing ratio gradient from North to South and from
the source regions up to the free troposphere and beyond.

3 Statistical basis and transferability from the model hierarchy analysis to ob-
servations20

How can the quantification result help to analyse field measurements? As a basis for
the transfer of results, a comparison between observational data and data from the
3-D model is mandatory. Only if the general features in the measurement series and
in the corresponding data sampled from the 3-D model are in agreement, subsequent
analysis using the model hierarchy is meaningful for the interpretation of the selected25

campaign data.
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As a next step, in addition to the trajectories based on wind fields from the 3-D
model, sets of trajectories based on wind fields from a forecast or reanalysis model
(e.g., ECMWF1, NCEP2) are calculated. To ensure a statistical basis for results from
the trajectory-box model on the one hand, and an assessment of the portability of
results from the model hierarchy to the best available real atmospheric situation on the5

other hand, the two sets of trajectories are grouped into coherent trajectory bundles. A
simple grouping method applied here uses the absolute horizontal transport deviation
and the ratio of pressures of the starting points of the back trajectories as thresholds
between separate bundles (see also Sect. 5). Of these bundles, a trajectory in the
middle is kept as a representative to be used in the trajectory-box model simulation and10

for further analysis, while the number of all trajectories within the bundle provides its
statistical weight. Representative trajectories of the 3-D model as well as the forecast
or reanalysis model are then compared. Common methods of comparison between
trajectories include the absolute horizontal and vertical transport deviation between
single trajectory points and mean errors between whole trajectories, as applied for15

instance in Stohl et al. (2001) and Knudsen et al. (2001). For a general discussion of
trajectory uncertainties, see for example Stohl (1998).

4 Model description

4.1 CAABA box model and submodels

CAABA, Chemistry As A Box model Application (Sander et al., 2009), is an atmo-20

spheric chemistry box model developed within the MESSy framework (Jöckel et al.,
2005). In this publication, it is used as base model, to which submodels are coupled
via the standardised MESSy interface, for example the submodels MECCA for atmo-

1http://www.ecmwf.int/
2http://www.ncep.noaa.gov/
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spheric chemistry, or JVAL for photolysis rate coefficients. For the present study, the
submodels simulating sedimentation and deposition are switched off.

MECCA, the Module Efficiently Calculating the Chemistry of the Atmosphere
(Sander et al., 2005), simulates tropospheric and stratospheric chemistry and pho-
tochemistry. The KPP (Kinetic Pre-Processor) software (Sandu and Sander, 2006) is5

used for the integration of the set of stiff differential equations describing chemistry. Be-
sides the pre-selected chemical mechanisms provided, it is possible to customise the
mechanism by simple boolean commands. The mixing ratios of nitrogen (N2), oxygen
(O2), and carbon dioxide (CO2), species are fixed during the simulation. In consistency
with the application of MECCA in combination with EMAC during the S1 simulation10

(see Sect. 4.2), aerosol chemistry as described in Kerkweg et al. (2007) was switched
off. To facilitate the application case study (Sect. 5), heterogeneous reactions were
neglected in the present box model setup. Having achieved a net quantification of
transport, mixing, and chemistry, the chemistry submodel MECCA provides informa-
tion for a more detailed analysis of chemical processes. The inclusion of customised15

diagnostic tracers (e.g., “loss of ozone”) into the chemical mechanism allows to monitor
the overturn of certain species or reaction systems. With all the chemical equations
and reaction rates available, a detailed listing of positive and negative contributions of
individual reactions to a certain species is possible. This can be calculated for a time
period, e.g., the whole trajectory time, or single integration time steps. An example of20

the first is shown in the application (Sect. 5).
The JVAL submodel is employed for fast online calculation of photolysis rate coeffi-

cients accounting for climatological aerosol as well as cloud water content, cloud cover,
and ozone either calculated by the base model or provided by a climatology (Landgraf
and Crutzen, 1998). A delta-two-stream method is used for eight spectral intervals25

in the UV and visible together with pre-calculated effective cross-sections, partly tem-
perature and pressure dependent, for more than 50 tropospheric and stratospheric
species. Only the photolysis rates for species present in the chosen chemical mecha-
nism are calculated. For the trajectory-box model calculations, the cloud fraction and
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cloud water content is set to zero.
We developed CAABA further to include the new trajectory submodel TRAJECT,

which provides the infrastructure to change physical boundary conditions such as longi-
tude, latitude, pressure, temperature, relative humidity, and photolysis rate coefficients
during the calculation of chemical kinetics. As default, the chemistry in CAABA/MJT5

should perfectly match the chemistry in EMAC, which is easy to achieve for the chem-
ical mechanism. Other influences from the three-dimensional environment onto pho-
tochemistry can be accounted for in CAABA/MJT simulations via extended boundary
conditions. The external photolysis rates mentioned above, for example, replace infor-
mation about cloud cover and aerosol optical density.10

An external trajectory file in netCDF3 format provides the boundary conditions for
a trajectory on individual waypoints, without requirement for equidistance in time or
space. If trajectory waypoints do not coincide with the fixed CAABA integration time
steps, additional time steps are inserted around the trajectory point so that the regular
time stepping as well as the trajectory waypoints are present in the trajectory-box model15

output (Fig. 4). Between trajectory waypoints, linear interpolation is applied to the
prescribed boundary conditions.

By default, the model simulation time is defined by the length of the trajectory. How-
ever, it is possible via two namelist parameters to modify the simulation time period and
the start of the simulation along the trajectory so that any section along the trajectory20

can be chosen, independent of waypoints or time step interval. The minimum number
of trajectory points to be provided is two. Figure 5 depicts the applied operator splitting
for a trajectory with three trajectory waypoints, of which only an inner section of the
trajectory is calculated.

3http://www.unidata.ucar.edu/software/netcdf/
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4.2 EMAC S1 simulation

The ECHAM/MESSy Atmospheric Chemistry (EMAC) model is a numerical chem-
istry and climate software that includes submodels describing tropospheric and mid-
dle atmosphere processes and their interactions with oceans, land and human influ-
ences (Jöckel et al., 2006). It uses the first version of the Modular Earth Submodel Sys-5

tem (MESSy1) to link multi-institutional computer codes. The core atmospheric model
is the 5th generation European Centre Hamburg general circulation model (ECHAM5,
Roeckner et al., 2006). The results from the evaluation reference simulation S1 (Jöckel
et al., 2006) used in the present publication were obtained with the ECHAM5 version
5.3.01 and MESSy version 1.0 in the T42L90MA resolution, i.e. with a spherical trun-10

cation of T42 (corresponding to a quadratic Gaussian grid of approximately 2.8 by 2.8
degrees in latitude and longitude) and with 90 vertical hybrid pressure levels up to
0.01 hPa. The applied model setup comprised the submodels as described in Jöckel
et al. (2006), among them MECCA and JVAL. Online emissions include DMS from the
oceans, NO from soils and isoprene from plants. Offline emissions are based on the15

EDGAR4 emissions database with incorporated fire emissions based on the Global
Fire Emissions Database (GFED) for the year 2000. A Newtonian relaxation tech-
nique was applied in the free tropospheric part to weakly nudge the model towards the
analysed ECMWF meteorology. Thus, direct comparisons between model results and
observations become feasible.20

5 Application example

5.1 Dynamic situation

As an example, the quantification method is applied to a five-day back trajectory with
hourly waypoints calculated with the 3-D trajectory model LAGRANTO (Wernli and

4http://www.mnp.nl/edgar/model/v32ft2000edgar/
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Davies, 1997) driven by EMAC wind fields. The trajectory was chosen from among
the 21 trajectories depicted in Fig. 6, each representative for a coherent bundle as
described in Sect. 3. The trajectories show a highly dynamic situation of downdraft and
updraft above Africa in January 2000, with a common submergence zone at 10–15◦

North following an anticyclonic movement. The subsequent fast westerly movement5

is a typical climatological feature (see ECMWF ERA-40 Atlas5). A comparison with
respective trajectories based on ECMWF wind fields (inset of Fig. 6) shows the same
anticyclonic movement with a different shape and partly different and lower source
regions. The transport pathways crossing the tropical Atlantic are also observed for
EMAC trajectories at a later time, approximately shifted by 15 to 30 min (not shown).10

The trajectory selected for the sample simulation travels from approximately 290 hPa
(∼10 km altitude) in the upper troposphere down to below 400 hPa (∼7 km) in the free
troposphere above the sub-Sahel zone and back up to an airborne observation platform
above the Persian Gulf at about 290 hPa. The respective vertical cross section of
EMAC carbon monoxide (CO) mixing ratios (Fig. 7) shows strong gradients from the15

boundary layer upwards and plume structures due to the biomass burning activities in
boreal winter. The chosen trajectory is purely tropospheric, the 3-D model tropopause
being at higher altitudes below 150 hPa, and crosses a plume layer on its way.

The dynamic situation is assessable by reducing the backward travel time of the
trajectories as described in the model description for TRAJECT (Sect. 4.1). Reducing20

the travel time of the back trajectories reduces the number of representative trajectories
necessary to describe all distinct transport pathways in a certain time interval if the
thresholds for grouping the trajectories to bundles remain constant. The threshold
values used here are adopted from the typical grid resolution of the 3-D model EMAC,
i.e. 2.8 degrees in longitude and latitude, and a ratio of 1.1 between pressure values.25

As the travel time is successively reduced from five days to one day in one-day steps,
the number of representative trajectories is reduced by 38, 15, 9, and 40 percent,
respectively (not shown). This corresponds to the visual impression of Fig. 6: after a

5http://www.ecmwf.int/research/era/ERA-40 Atlas/
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frayed-out start, the trajectories converge to form the anticyclonic movement, in which
less convergence and divergence take place. This is the first important reduction of
representative trajectories. For the last day of fast coherent travel towards the Persian
Gulf, there is a second important reduction. Monitoring the reduction of representative
trajectories in different areas with changing travel times may be used as an estimate of5

the relative dynamics in these areas and their development with time.

5.2 Quantification

As we examine the full five-day trajectory, chemical species are initialised with mixing
ratios interpolated from EMAC at the starting point of the trajectory five days prior to the
point of observation. The time series of CO mixing ratios along the trajectory path sam-10

pled from EMAC, the CO initialisation level for CAABA/MJT, and the chemical evolution
of CO within CAABA/MJT are depicted in Fig. 8. In this example, the comparatively low
effective mixing ratio of CO in EMAC at the end of the trajectory is deconvolved into a
small and steady negative contribution of chemistry and a strong dilutive mixing effect
following the initially strong positive contribution of mixing.15

Applying Eqs. (1–3) to the mixing ratios of CO and several other chemical species
yields the net contributions over the whole period of five days, which are presented in
Fig. 9. This condensation of information is necessary in order to evaluate comprehen-
sive sets of trajectories, which in turn is mandatory for a statistical evaluation. However,
as shown in Fig. 8, the detailed information for a closer analysis of single trajectories20

is available at any point along the trajectory.
The Sub-Sahel region is known for excessive biomass burning events during boreal

winter. This is reflected in the elevated initialisation mixing ratios for typical biomass
burning tracers such as carbon monoxide. Due to the relatively long lifetime in the
upper troposphere, chemistry contributions are relatively small, where ozone is the only25

tracer shown to be chemically produced. There is a negative contribution of mixing to all
the tracers, which takes place due to local mixing ratio maxima from biomass burning
emissions at the beginning of the trajectory.
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5.3 Further analysis of chemistry

The robustness of the chemistry quantification with respect to the transport pathway
can be assessed via ensemble plots as presented in Fig. 10.

They show the chemical evolution along EMAC and along ECMWF trajectories from
the same start time interval. As expected for carbon monoxide, being a longer-lived5

tracer with respect to the trajectory travel time of five days, the influence of trans-
port, i.e. initialisation, is much higher than the impact of chemistry, which shows a
uniform decline. For the shorter-lived nitrogen oxides (NOx), much more variability
due to chemistry is observed. The trajectories with high initial NOx mixing ratios in
the ECMWF ensemble compared to the EMAC ensemble originate from Suriname and10

the north-east coast of Brazil and show a different chemical evolution crossing the At-
lantic. Consequently, the chemical evolution in similar situations has to be assessed in
shorter time intervals, taking the dynamic situation into account. It needs to be stressed
that mixing is only defined within the model hierarchy. Therefore, a similar uncertainty
analysis is not possible for mixing.15

Further analysis of chemical processes as outlined in the model description for
MECCA (Sect. 4.1) is depicted in Fig. 11. Chemical contributions to production and
loss of formaldehyde and carbon monoxide are evaluated based on the chemical mech-
anism and the reaction rates. Along the selected trajectory, formaldehyde is produced
from diverse intermediates of methane oxidation and is subsequently almost exclu-20

sively transformed to carbon monoxide. Carbon monoxide, in turn, is almost exclusively
produced from formaldehyde and is only chemically destroyed by hydroxyl radicals.

The chemical analysis as presented here is only applicable to chemical species
which do not participate in fast cycling reaction schemes. For chemical systems with
catalytic cycles, more sophisticated approaches, such as presented in Lehmann (2004)25

are required.
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6 Discussion

Two types of consistency are addressed in this publication: intra-model consistency
between the trajectory-box model CAABA/MJT and the 3-D EMAC model, and consis-
tency between the models and reality represented by observations or assimilated data
(e.g., ECMWF, NCEP).5

The intra-model consistency is based on three aspects: a common chemical and
photochemical mechanism, trajectory-box model boundary conditions consistent with
the 3-D model, and consistent transport in both models. The modular MESSy soft-
ware structure enables convenient sharing of a common chemistry mechanism be-
tween trajectory-box model and 3-D model. Consistent transport in time and space is10

achieved via the calculation of trajectories based on 3-D model wind fields, and the
corresponding boundary conditions are sampled from the 3-D model. The intra-model
consistency is decoupled from the portability of model results to observations and can
always be applied to study 3-D model characteristics including the quantification of
transport, mixing, and chemistry. Using adequate models, this consistency can always15

be achieved.
The second consistency is the basis for the transferability of the model-based anal-

ysis to observations. It is more difficult to assess and requires additional analyses.
Straightforward prerequisites to be tested are the agreement of the observations with
correspondingly sampled data from the 3-D model, and the comparison of trajectories20

based on the 3-D model wind fields with the ones based on the forecast or reanaly-
sis model wind fields as described in Sect. 3. Quantitatively, the simplest method to
compare model results to observations is a point-to-point comparison. If 3-D data from
observations are available or if a comparison with 3-D data from the forecast/reanalysis
model is desired, advanced methods exist for the comparison of 3-D data fields, such25

as object-oriented comparisons avoiding double penalties when comparing similar at-
mospheric patterns that are shifted in space or time (e.g., McBride and Ebert, 2000).
For the basic transferability of the meteorological situation, however, we limit the anal-
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ysis example here to the qualitative comparison of representative trajectories.
An interesting aspect is the exact definition of the terms transport, mixing and chem-

istry in this context. The definition of the contribution of transport is the most straight-
forward (see Sect. 2) and needs no further explanation. The contribution of chemistry
is also quite intuitive as it is described by a well-defined set of chemical equations, the5

solution of which is only influenced by the prescribed physical boundary conditions.
The definition of the mixing term is more complex. It includes all the processes and
movement of air masses inside EMAC with the exception of the transport along the
trajectories, such as the mixing due to vertical and horizontal diffusion, parameterised
convection, scavenging, and deposition. Furthermore, it generally also includes the10

secondary effects of mixing onto chemistry – with the exception of chemically inert
tracers (e.g., SF6 as mentioned in Sect. 2). As such, the term “mixing” is meant in a
broad context and is not to be confounded with “diffusive mixing” alone.

The quantification method is applied individually for each chemical species due to
the specific dependence on the chemical and physical environment of each species,15

such as concentration gradients or sensitivity to radiation. The quantification is avail-
able at each trajectory time step of the trajectory, but can also be condensed to net
contributions considering the whole trajectory.

The trajectory-box model is not confined to back trajectories and initialisation from
the 3-D model. An initialisation using observational data, for instance, is possible.20

For the quantification method presented here, however, the consistency with the 3-D
model at the start of a trajectory simulation is essential for the quantification of mixing.
The choice for forward or backward trajectories is nevertheless open depending on the
intended application of the quantification method.

A general improvement of input data with respect to the quality of boundary condi-25

tions for the trajectory simulations and, more importantly, of mixing ratios sampled from
the 3-D model can be achieved via online sampling during the 3-D model simulation
(Jöckel et al., 2009). Interpolation errors leading to artefacts in the mixing contribution
are thus minimised.
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7 Summary

The model hierarchy method presented in this paper represents a new tool for the
quantification of transport, chemistry, and mixing along atmospheric trajectories. A new
trajectory-box model CAABA/MJT was developed, its specialty being the high consis-
tency with respect to the 3-D global ECHAM/MESSy atmospheric-chemistry (EMAC)5

model. Based on the hierarchy, the separation and quantification of transport, mixing,
and chemistry along atmospheric trajectories is achieved through comparisons of re-
sults from the two models. The trajectories to be analysed have to be based on the
3-D model to ensure the consistency of transport between both models. In order to
achieve a sound statistical basis for results, the trajectories are grouped into coherent10

bundles, of which only one is used for the trajectory-box model simulations, keeping its
statistical weight for future analysis.

Since data from the 3-D model is used offline, the method presented here is a time-
efficient tool for on-top analysis of chemistry, mixing, and transport pathways in grid-
based 3-D model simulations. The main focus, however, lies on the transfer of quan-15

tification results to observations. The transferability of quantification results to obser-
vational data is based on the comparison between representative trajectories based
on the 3-D model and based on a forecast or reanalysis model, and their statistical
weights. Further analysis of the spatial and temporal development of atmospheric dy-
namics is feasible by a variation of the backward travel time of trajectories.20

The quantification method yields absolute contributions of transport, chemistry, and
mixing to the mixing ratio of a species along the respective trajectory. Further analysis
include an uncertainty estimate for the contributions from transport and chemistry as
well as a thorough analysis of chemical processes.
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Table 1. Chemical production and loss reactions for formaldehyde and carbon monoxide.
Turnover is given as absolute mixing ratio and as percentage of all production or of all loss
for a species, respectively.

reaction ID turnover turnover reaction
(pmol/mol) (%)

HCHO production G4104 1040.0 79.49 CH3O2+NO→ HCHO+NO2 + HO2
G4102 133.0 10.10 CH3OH+OH → HCHO+HO2
J4100 66.2 5.04 CH3OOH+hν→HCHO+OH+HO2
G4107 49.7 3.78 CH3OOH+OH→.7 CH3O2+.3 HCHO+.3 OH+H2O

HCHO loss J4101a 698.00 53.00 HCHO+hν→H2+CO
J4101b 436.00 33.14 HCHO+hν→H+CO+HO2
G4108 182.00 13.84 HCHO+OH →CO+H2O+HO2

CO production J4101a 698.0 52.36 HCHO+hν→H2+CO
J4101b 436.0 32.73 HCHO+hν→H+CO+HO2
G4108 182.0 13.67 HCHO+OH→CO+H2O+HO2

CO loss G4110 6230.00 100.00 CO+OH→H+CO2
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EMAC
3-D model

wind fields

trajectories

CAABA-MJT
trajectory-box model

LAGRANTO
trajectory model

chemistry

mixing

transport

CAABA-MJT
mixing

TRAJECTJVAL

JVAL

MECCA

MECCA

↕↕
SCAV

... EMACadvection

↕ boundary
conditions

Fig. 1. Depiction of the model hierarchy consisting of the trajectory-box model CAABA/MJT
and the global 3-D atmospheric chemistry EMAC model. Flow and combinations of model data
used for the quantification of transport, chemistry, and mixing (upper part) and consistency
between models (lower part, red double arrows).
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observations

longitude

la
ti

tu
d

e

back trajectory

3-D model

trajectory-box model
back trajectory

(t(tEE, , rrEE))

(t(t00, , rr00))

Fig. 2. Different models, observations, and their spatial regimes are shown. Observations are
collected, in this case on a moving platform (black). Back trajectories are calculated as is often
routine in campaign support (blue). In our approach, back trajectories are based on wind fields
from the 3-D model (green) and chemistry is calculated forward in time (from t0 to tE ) along the
trajectories with a trajectory-box model (orange). Mixing ratios at the start of a trajectory (t0, r0)
are taken from the 3-D model (green grid). The initial values are determined by interpolation
(dotted green lines) between adjacent values (green dots) on the 3-D-model grid.
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  tE

mixing ratio

CAABA-MJT

EMAC

μtrans

Δμchem

Δμmix

contributions

trajectory timet0

Fig. 3. Separation of contributions for a single trajectory is de-
picted schematically. The time evolution of a mixing ratio for a cer-
tain species in the two models (left) and the subsequent translation
into the separate contributions of transport, mixing, and chemistry
(right) are shown. In the particular example depicted here, chemical
production along the trajectory is much larger than the initial value
that would have been measured with transport alone, but is partly
compensated by mixing.

3D model along the calculated trajectories. If backward (for-
ward) trajectories are analysed, sensitivity tests can be con-
ducted by variation of the backward (forward) time of the
trajectories and corresponding variation of the initialisation
(end point). In general, the shorter the trajectory the more
congruency to the 3D model is expected and the fewer trajec-
tories are necessary to represent different transport pathways
(see also Section 3).

The uncertainty concerning chemistry can be estimated us-
ing an ensemble plot showing the mixing ratios of a certain
species on several trajectories as shown for the application
example (Section 5). A detailed analysis of chemical pro-
cesses is outlined in the model description of CAABA in
Section 4.1) and exemplarily shown in the application sec-
tion. Tracers which are chemically inert at the time scales
of a few days provide an additional analysis of mixing influ-
ences. SF6, for example, is suited to assess anthropogenic
influence; its source features no significant seasonal cycle
and is purely anthropogenic with a corresponding mixing ra-
tio gradient from North to South and from the source regions
up to the free troposphere and beyond.

3 Statistical basis and transferability from the model hi-
erarchy analysis to observations

How can the quantification result help to analyse field mea-
surements? As a basis for the transfer of results, a compari-
son between observational data and data from the 3D model
is mandatory. Only if the general features in the measure-
ment series and in the corresponding data sampled from the
3D model are in agreement, subsequent analysis using the
model hierarchy is meaningful for the interpretation of the
selected campaign data.

As a next step, in addition to the trajectories based on wind
fields from the 3D model, sets of trajectories based on wind
fields from a forecast or reanalysis model (e.g., ECMWF1,
NCEP2) are calculated. To ensure a statistical basis for re-
sults from the trajectory-box model on the one hand, and an
assessment of the portability of results from the model hier-
archy to the best available real atmospheric situation on the
other hand, the two sets of trajectories are grouped into co-
herent trajectory bundles. A simple grouping method applied
here uses the absolute horizontal transport deviation and the
ratio of pressures of the starting points of the back trajectories
as thresholds between separate bundles (see also Section 5).
Of these bundles, a trajectory in the middle is kept as a rep-
resentative to be used in the trajectory-box model simulation
and for further analysis, while the number of all trajectories
within the bundle provides its statistical weight. Represen-
tative trajectories of the 3D model as well as the forecast or
reanalysis model are then compared. Common methods of
comparison between trajectories include the absolute hori-
zontal and vertical transport deviation between single trajec-
tory points and mean errors between whole trajectories, as
applied for instance in Stohl et al. (2001) and Knudsen et al.
(2001). For a general discussion of trajectory uncertainties,
see for example Stohl (1998).

4 Model Description

4.1 CAABA box model and submodels

CAABA, Chemistry As A Box model Application (Sander
et al., in preparation), is an atmospheric chemistry box
model developed within the MESSy framework (Jöckel et al.,
2005). In this publication, it is used as base model, to which
submodels are coupled via the standardised MESSy inter-
face, for example the submodels MECCA for atmospheric
chemistry, or JVAL for photolysis rate coefficients. For the
present study, the submodels simulating sedimentation and
deposition are switched off.

MECCA, the Module Efficiently Calculating the Chem-
istry of the Atmosphere (Sander et al., 2005), simulates
tropospheric and stratospheric chemistry and photochem-
istry. The KPP (Kinetic Pre-Processor) software (Sandu
and Sander, 2006) is used for the integration of the set of
stiff differential equations describing chemistry. Besides
the pre-selected chemical mechanisms provided, it is pos-
sible to customise the mechanism by simple boolean com-
mands. The mixing ratios of nitrogen (N2), oxygen (O2),
and carbon dioxide (CO2), species are fixed during the sim-
ulation. In consistency with the application of MECCA in
combination with EMAC during the S1 simulation (see Sec-
tion 4.2), aerosol chemistry as described in Kerkweg et al.
(2007) was switched off. To facilitate the application case

1http://www.ecmwf.int/
2http://www.ncep.noaa.gov/

Fig. 3. Separation and quantification of contributions for a single trajectory is depicted schemat-
ically. The time evolution of a mixing ratio for a certain species in the two models (left) and the
subsequent translation into the separate contributions of transport, mixing, and chemistry (right)
are shown. In the particular example depicted here, chemical production along the trajectory is
much larger than the initial value that would have been measured with transport alone, but is
partly compensated by mixing.
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4 H. Riede et al.: Quantification of atmospheric transport, chemistry, and mixing

study (Section 5), heterogeneous reactions were neglected in
the present box model setup. Having achieved a net quan-
tification of transport, mixing, and chemistry, the chemistry
submodel MECCA provides information for a more detailed
analysis of chemical processes. The inclusion of customised
diagnostic tracers (e.g., “loss of ozone”) into the chemical
mechanism allows to monitor the overturn of certain species
or reaction systems. With all the chemical equations and re-
action rates available, a detailed listing of positive and nega-
tive contributions of individual reactions to a certain species
is possible. This can be calculated for a time period, e.g., the
whole trajectory time, or single integration time steps. An
example of the first is shown in the application (Section 5).

The JVAL submodel is employed for fast online calcula-
tion of photolysis rate coefficients accounting for climato-
logical aerosol as well as cloud water content, cloud cover,
and ozone either calculated by the base model or provided
by a climatology (Landgraf and Crutzen, 1998). A delta-
two-stream method is used for eight spectral intervals in the
UV and visible together with pre-calculated effective cross-
sections, partly temperature and pressure dependent, for
more than 50 tropospheric and stratospheric species. Only
the photolysis rates for species present in the chosen chemi-
cal mechanism are calculated. For the trajectory-box model
calculations, the cloud fraction and cloud water content is set
to zero.

We developed CAABA further to include the new trajec-
tory submodel TRAJECT, which provides the infrastructure
to change physical boundary conditions such as longitude,
latitude, pressure, temperature, relative humidity, and pho-
tolysis rate coefficients during the calculation of chemical
kinetics. As default, the chemistry in CAABA/MJT should
perfectly match the chemistry in EMAC, which is easy to
achieve for the chemical mechanism. Other influences from
the three-dimensional environment onto photochemistry can
be accounted for in CAABA/MJT simulations via extended
boundary conditions. The external photolysis rates men-
tioned above, for example, replace information about cloud
cover and aerosol optical density.

An external trajectory file in netCDF3 format provides the
boundary conditions for a trajectory on individual waypoints,
without requirement for equidistance in time or space. If tra-
jectory waypoints do not coincide with the fixed CAABA in-
tegration time steps, additional time steps are inserted around
the trajectory point so that the regular time stepping as well
as the trajectory waypoints are present in the trajectory-box
model output (Fig. 4). Between trajectory waypoints, lin-
ear interpolation is applied to the prescribed boundary con-
ditions. By default, the model simulation time is defined by
the length of the trajectory. However, it is possible via two
namelist parameters to modify the simulation time period and
the start of the simulation along the trajectory so that any
section along the trajectory can be chosen, independent of

3http://www.unidata.ucar.edu/software/netcdf/
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Fig. 4. Time stepping scheme for a single trajectory showing the
trajectory points, prescribing latitude, longitude, pressure, temper-
ature, and humidity (top, red), and the regular time steps, typically
15 minute intervals (middle, blue). Regular integration points that
do not coincide with a trajectory point are evaluated using linear in-
terpolation between the trajectory points. Trajectory waypoints are
always evaluated independent of the regular time stepping so that
smaller time steps are inserted around trajectory points that do not
coincide with a regular integration point (bottom, grey shade).

waypoints or time step interval. The minimum number of
trajectory points to be provided is two. Fig. 5 depicts the ap-
plied operator splitting for a trajectory with three trajectory
waypoints, of which only an inner section of the trajectory is
calculated.

4.2 EMAC S1 simulation

The ECHAM/MESSy Atmospheric Chemistry (EMAC)
model is a numerical chemistry and climate software that
includes submodels describing tropospheric and middle at-
mosphere processes and their interactions with oceans, land
and human influences (Jöckel et al., 2006). It uses the first
version of the Modular Earth Submodel System (MESSy1)
to link multi-institutional computer codes. The core atmo-
spheric model is the 5th generation European Centre Ham-
burg general circulation model (ECHAM5, Roeckner et al.,
2006). The results from the evaluation reference simulation
S1 (Jöckel et al., 2006) used in the present publication were
obtained with the ECHAM5 version 5.3.01 and MESSy ver-
sion 1.0 in the T42L90MA resolution, i.e. with a spheri-
cal truncation of T42 (corresponding to a quadratic Gaussian
grid of approx. 2.8 by 2.8 degrees in latitude and longitude)
and with 90 vertical hybrid pressure levels up to 0.01 hPa.
The applied model setup comprised the submodels as de-
scribed in Jöckel et al. (2006), among them MECCA and
JVAL. Online emissions include DMS from the oceans, NO
from soils and isoprene from plants. Offline emissions are

Fig. 4. Time stepping scheme for a single trajectory showing the trajectory points, prescribing
latitude, longitude, pressure, temperature, and humidity (top, red), and the regular time steps,
typically 15 min intervals (middle, blue). Regular integration points that do not coincide with a
trajectory point are evaluated using linear interpolation between the trajectory points. Trajectory
waypoints are always evaluated independent of the regular time stepping so that smaller time
steps are inserted around trajectory points that do not coincide with a regular integration point
(bottom, grey shade).
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Fig. 5. Operator splitting scheme for the calculation of an inner section of a three-point tra-
jectory. Physical boundary conditions are shown in the upper (phys), chemistry progress in
the lower (chem), and output intervals in the middle string (out). As a first step, the starting
point boundary conditions are linearly interpolated between the first (tp1) and the second (tp2)
trajectory point (1). Then, chemistry is accordingly initialised with mixing ratios from the 3-D
model (2). These values are written to output (3, 4, A). The boundary conditions are updated
(5) before integration of the chemistry equations takes place (6) and results are output (7, 8, B).
Sequence 5–8 is repeated (9–12, 13–16) on trajectory waypoints (tp2) and regular integration
points (ip1, ip2) as shown in Fig. 4 until the defined end of the calculation is reached. In the
shaded box, the very simplified scheme shows that each integration step is performed with the
boundary conditions from the end point of the corresponding time interval.
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Fig. 5. Operator splitting scheme for the calculation of an inner sec-
tion of a three-point trajectory. Physical boundary conditions are
shown in the upper (phys), chemistry progress in the lower (chem),
and output intervals in the middle string (out). As a first step, the
starting point boundary conditions are linearly interpolated between
the first (tp1) and the second (tp2) trajectory point (1). Then, chem-
istry is accordingly initialised with mixing ratios from the 3D model
(2). These values are output (3, 4, A). The boundary conditions
are updated (5) before integration of the chemistry equations takes
place (6) and results are output (7, 8, B). Sequence 5–8 is repeated
(9–12, 13–16) on trajectory and regular integration points (ip1, ip2)
as shown in Fig. 4 until the defined end of the calculation is reached.
In the shaded box, the very simplified scheme shows that each in-
tegration step is performed with the boundary conditions from the
end point of the corresponding time interval.

based on the EDGAR4 emissions database with incorporated
fire emissions based on GFED for the year 2000. A New-
tonian relaxation technique was applied in the free tropo-
spheric part to weakly nudge the model towards the analysed
ECMWF meteorology. Thus, direct comparisons between
model results and observations become feasible.

5 Application example

5.1 Dynamic situation

As an example, the quantification method is applied to a five-
day back trajectory with hourly waypoints calculated with
the 3D trajectory model LAGRANTO (Wernli and Davies,
1997) driven by EMAC wind fields. The trajectory was
chosen from among the 21 trajectories depicted in Fig. 6,
each representative for a coherent bundle as described in
Section 3. The trajectories show a highly dynamic situa-
tion of downdraft and updraft above Africa in January 2000,
with a common submergence zone at 10–15◦ North follow-
ing an anticyclonic movement. The subsequent fast westerly

4http://www.mnp.nl/edgar/model/v32ft2000edgar/

Fig. 6. Five-day back trajectories from the sub-Sahel region in Jan-
uary 2000 based on EMAC wind fields. Pressure altitude in hPa is
indicated by colour. The inset shows the same five-day back tra-
jectories based on ECMWF wind fields. Note that each each of the
trajectories shown represents a bundle of 3–35 (EMAC) or 1–92
(ECMWF) coherent trajectories.

movement is a typical climatological feature (see ECMWF
ERA-40 Atlas5). A comparison with respective trajecto-
ries based on ECMWF wind fields (inset of Fig. 6) shows
the same anticyclonic movement with a different shape and
partly different and lower source regions. The transport path-
ways crossing the tropical Atlantic are also observed for
EMAC trajectories at a later time, approximately shifted by
15 to 30 minutes (not shown).

The trajectory selected for the sample simulation travels
from approximately 290 hPa (∼10 km altitude) in the up-
per troposphere down to below 400 hPa (∼7 km) in the free
troposphere above the sub-Sahel zone and back up to an air-
borne observation platform above the Persian Gulf at about
290 hPa. The respective vertical cross section of EMAC
carbon monoxide (CO) mixing ratios (Fig. 7) shows strong
gradients from the boundary layer upwards and plume struc-
tures due to the biomass burning activities in boreal win-
ter. The chosen trajectory is purely tropospheric, the 3D
model tropopause being at higher altitudes below 150 hPa,
and crosses a plume layer on its way.

The dynamic situation is assessable by reducing the back-
ward travel time of the trajectories as described in the model
description for TRAJECT (Section 4.1). Reducing the travel
time of the back trajectories reduces the number of repre-
sentative trajectories necessary to describe all distinct trans-
port pathways in a certain time interval if the thresholds for
grouping the trajectories to bundles remain constant. The
threshold values used here are adopted from the typical grid
resolution of the 3D model EMAC, i.e. 2.8 degrees in longi-
tude and latitude, and a ratio of 1.1 between pressure values.

5http://www.ecmwf.int/research/era/ERA-40 Atlas/

Fig. 6. Five-day back trajectories from the sub-Sahel region in January 2000 based on EMAC
wind fields. Pressure altitude in hPa is indicated by colour. The inset shows the same five-day
back trajectories based on ECMWF wind fields. Note that each each of the trajectories shown
represents a bundle of 3–35 (EMAC) or 1–92 (ECMWF) coherent trajectories.
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6 H. Riede et al.: Quantification of atmospheric transport, chemistry, and mixing

Fig. 7. Vertical cross section of CO mixing ratios from EMAC along
the trajectory path (blue). Biomass burning activity in the sub-Sahel
zone during boreal winter causes high CO gradients near the surface
and CO plumes at higher altitudes.

As the travel time is successively reduced from five days to
one day in one-day steps, the number of representative tra-
jectories is reduced by 38, 15, 9, and 40 percent, respectively
(not shown). This corresponds to the visual impression of
Fig. 6: after a frayed-out start, the trajectories converge to
form the anticyclonic movement, in which less convergence
and divergence take place. This is the first important reduc-
tion of representative trajectories. For the last day of fast
coherent travel towards the Persian Gulf, there is a second
important reduction. Monitoring the reduction of representa-
tive trajectories in different areas with changing travel times
may be used as an estimate of the relative dynamics in these
areas and their development with time.

5.2 Quantification

As we examine the full five-day trajectory, chemical species
are initialised with mixing ratios interpolated from EMAC at
the starting point of the trajectory five days prior to the point
of observation. The time series of CO mixing ratios along
the trajectory path sampled from EMAC, the CO initialisa-
tion level for CAABA/MJT, and the chemical evolution of
CO within CAABA/MJT are depicted in Fig. 8. In this ex-
ample, the comparatively low effective mixing ratio of CO in
EMAC at the end of the trajectory is deconvolved into a small
and steady negative contribution of chemistry and a strong
dilutive mixing effect following the initially strong positive
contribution of mixing. Applying Eqs. (1)–(3) to the mixing
ratios of CO and several other chemical species yields the
net contributions over the whole period of five days, which
are presented in Fig. 9. This condensation of information is
necessary in order to evaluate comprehensive sets of trajec-
tories, which in turn is mandatory for a statistical evaluation.
However, as shown in Fig. 8, the detailed information for a
closer analysis of single trajectories is available at any point

Fig. 8. Application example for the left part of Fig. 3. From the
time series of CO mixing ratios sampled from EMAC (green solid
line), the initial mixing ratio for the trajectory-box model is chosen
(blue dashed line). The subsequent chemical evolution calculated
by CAABA/MJT is shown as orange dash-dotted line.

  O3 CO NOx HCHO

-40

-20

0

20

40

60

80

100

120

140

O3 CO NOx HCHO

-40

-35

-30

-25

-20

-15

-10

-5

0

5

10

Fig. 9. Quantification of theoretical undisturbed transport (blue),
chemistry (orange), and mixing (green), as outlined in the right part
of Fig. 3, is obtained from the data presented in Fig.8. Ozone (O3)
and carbon monoxide (CO) mixing ratios are given in nmol/mol
(ppbv), formaldehyde (HCHO) and the sum of nitric oxide and
nitrogen dioxide mixing ratios (NO + NO2 = NOx) in pmol/mol
(pptv). Absolute contributions (left) and contributions in percent
relative to the initial mixing ratios, i.e. undisturbed transport (right)
are shown.

along the trajectory.

The Sub-Sahel region is known for excessive biomass
burning events during boreal winter. This is reflected in
the elevated initialisation mixing ratios for typical biomass
burning tracers such as carbon monoxide. Due to the rela-
tively long lifetime in the upper troposphere, chemistry con-
tributions are relatively small, where ozone is the only tracer
shown to be chemically produced. There is a negative contri-
bution of mixing to all the tracers, which takes place due to
local mixing ratio maxima from biomass burning emissions
at the beginning of the trajectory.

Fig. 7. Vertical cross section of CO mixing ratios from EMAC along the trajectory path (blue).
Biomass burning activity in the sub-Sahel zone during boreal winter causes high CO gradients
near the surface and CO plumes at higher altitudes.

480

http://www.geosci-model-dev-discuss.net
http://www.geosci-model-dev-discuss.net/2/455/2009/gmdd-2-455-2009-print.pdf
http://www.geosci-model-dev-discuss.net/2/455/2009/gmdd-2-455-2009-discussion.html
http://creativecommons.org/licenses/by/3.0/


GMDD
2, 455–484, 2009

Quantifying
atmospheric

transport, chemistry,
and mixing

H. Riede et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

6 H. Riede et al.: Quantification of atmospheric transport, chemistry, and mixing

Fig. 7. Vertical cross section of CO mixing ratios from EMAC along
the trajectory path (blue). Biomass burning activity in the sub-Sahel
zone during boreal winter causes high CO gradients near the surface
and CO plumes at higher altitudes.

As the travel time is successively reduced from five days to
one day in one-day steps, the number of representative tra-
jectories is reduced by 38, 15, 9, and 40 percent, respectively
(not shown). This corresponds to the visual impression of
Fig. 6: after a frayed-out start, the trajectories converge to
form the anticyclonic movement, in which less convergence
and divergence take place. This is the first important reduc-
tion of representative trajectories. For the last day of fast
coherent travel towards the Persian Gulf, there is a second
important reduction. Monitoring the reduction of representa-
tive trajectories in different areas with changing travel times
may be used as an estimate of the relative dynamics in these
areas and their development with time.

5.2 Quantification

As we examine the full five-day trajectory, chemical species
are initialised with mixing ratios interpolated from EMAC at
the starting point of the trajectory five days prior to the point
of observation. The time series of CO mixing ratios along
the trajectory path sampled from EMAC, the CO initialisa-
tion level for CAABA/MJT, and the chemical evolution of
CO within CAABA/MJT are depicted in Fig. 8. In this ex-
ample, the comparatively low effective mixing ratio of CO in
EMAC at the end of the trajectory is deconvolved into a small
and steady negative contribution of chemistry and a strong
dilutive mixing effect following the initially strong positive
contribution of mixing. Applying Eqs. (1)–(3) to the mixing
ratios of CO and several other chemical species yields the
net contributions over the whole period of five days, which
are presented in Fig. 9. This condensation of information is
necessary in order to evaluate comprehensive sets of trajec-
tories, which in turn is mandatory for a statistical evaluation.
However, as shown in Fig. 8, the detailed information for a
closer analysis of single trajectories is available at any point

Fig. 8. Application example for the left part of Fig. 3. From the
time series of CO mixing ratios sampled from EMAC (green solid
line), the initial mixing ratio for the trajectory-box model is chosen
(blue dashed line). The subsequent chemical evolution calculated
by CAABA/MJT is shown as orange dash-dotted line.
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Fig. 9. Quantification of theoretical undisturbed transport (blue),
chemistry (orange), and mixing (green), as outlined in the right part
of Fig. 3, is obtained from the data presented in Fig.8. Ozone (O3)
and carbon monoxide (CO) mixing ratios are given in nmol/mol
(ppbv), formaldehyde (HCHO) and the sum of nitric oxide and
nitrogen dioxide mixing ratios (NO + NO2 = NOx) in pmol/mol
(pptv). Absolute contributions (left) and contributions in percent
relative to the initial mixing ratios, i.e. undisturbed transport (right)
are shown.

along the trajectory.

The Sub-Sahel region is known for excessive biomass
burning events during boreal winter. This is reflected in
the elevated initialisation mixing ratios for typical biomass
burning tracers such as carbon monoxide. Due to the rela-
tively long lifetime in the upper troposphere, chemistry con-
tributions are relatively small, where ozone is the only tracer
shown to be chemically produced. There is a negative contri-
bution of mixing to all the tracers, which takes place due to
local mixing ratio maxima from biomass burning emissions
at the beginning of the trajectory.

Fig. 8. Application example for the left part of Fig. 3. From the time series of CO mixing ratios
sampled from EMAC (green solid line), the initial mixing ratio for the trajectory-box model is
chosen five days prior to observations (blue dashed line). The subsequent chemical evolution
calculated by CAABA/MJT is shown as orange dash-dotted line.
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Fig. 7. Vertical cross section of CO mixing ratios from EMAC along
the trajectory path (blue). Biomass burning activity in the sub-Sahel
zone during boreal winter causes high CO gradients near the surface
and CO plumes at higher altitudes.

As the travel time is successively reduced from five days to
one day in one-day steps, the number of representative tra-
jectories is reduced by 38, 15, 9, and 40 percent, respectively
(not shown). This corresponds to the visual impression of
Fig. 6: after a frayed-out start, the trajectories converge to
form the anticyclonic movement, in which less convergence
and divergence take place. This is the first important reduc-
tion of representative trajectories. For the last day of fast
coherent travel towards the Persian Gulf, there is a second
important reduction. Monitoring the reduction of representa-
tive trajectories in different areas with changing travel times
may be used as an estimate of the relative dynamics in these
areas and their development with time.

5.2 Quantification

As we examine the full five-day trajectory, chemical species
are initialised with mixing ratios interpolated from EMAC at
the starting point of the trajectory five days prior to the point
of observation. The time series of CO mixing ratios along
the trajectory path sampled from EMAC, the CO initialisa-
tion level for CAABA/MJT, and the chemical evolution of
CO within CAABA/MJT are depicted in Fig. 8. In this ex-
ample, the comparatively low effective mixing ratio of CO in
EMAC at the end of the trajectory is deconvolved into a small
and steady negative contribution of chemistry and a strong
dilutive mixing effect following the initially strong positive
contribution of mixing. Applying Eqs. (1)–(3) to the mixing
ratios of CO and several other chemical species yields the
net contributions over the whole period of five days, which
are presented in Fig. 9. This condensation of information is
necessary in order to evaluate comprehensive sets of trajec-
tories, which in turn is mandatory for a statistical evaluation.
However, as shown in Fig. 8, the detailed information for a
closer analysis of single trajectories is available at any point

Fig. 8. Application example for the left part of Fig. 3. From the
time series of CO mixing ratios sampled from EMAC (green solid
line), the initial mixing ratio for the trajectory-box model is chosen
(blue dashed line). The subsequent chemical evolution calculated
by CAABA/MJT is shown as orange dash-dotted line.
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Fig. 9. Quantification of theoretical undisturbed transport (blue),
chemistry (orange), and mixing (green), as outlined in the right part
of Fig. 3, is obtained from the data presented in Fig.8. Ozone (O3)
and carbon monoxide (CO) mixing ratios are given in nmol/mol
(ppbv), formaldehyde (HCHO) and the sum of nitric oxide and
nitrogen dioxide mixing ratios (NO + NO2 = NOx) in pmol/mol
(pptv). Absolute contributions (left) and contributions in percent
relative to the initial mixing ratios, i.e. undisturbed transport (right)
are shown.

along the trajectory.

The Sub-Sahel region is known for excessive biomass
burning events during boreal winter. This is reflected in
the elevated initialisation mixing ratios for typical biomass
burning tracers such as carbon monoxide. Due to the rela-
tively long lifetime in the upper troposphere, chemistry con-
tributions are relatively small, where ozone is the only tracer
shown to be chemically produced. There is a negative contri-
bution of mixing to all the tracers, which takes place due to
local mixing ratio maxima from biomass burning emissions
at the beginning of the trajectory.

Fig. 9. Quantification of theoretical undisturbed transport (blue), chemistry (orange), and mix-
ing (green), as outlined in the right part of Fig. 3, is obtained from the data presented in Fig. 8.
Ozone (O3) and carbon monoxide (CO) mixing ratios are given in nmol/mol (ppbv), formalde-
hyde (HCHO) and the sum of nitric oxide and nitrogen dioxide mixing ratios (NO+NO2=NOx) in
pmol/mol (pptv). Absolute contributions (left) and contributions in percent relative to the initial
mixing ratios, i.e. undisturbed transport (right) are shown.
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Fig. 10. Ensemble plot for carbon monoxide (left) and nitrogen oxides (right) simulated on trajectories based on EMAC (relative left) and
ECMWF (relative right) in the same time interval. The more intense the red hue the more statistical weight the respective trajectory has.

Table 1. Chemical production and loss reactions for formaldehyde and carbon monoxide. Turnover is given as absolute mixing ratio and as
percentage of all production or of all loss for a species, respectively.

reaction ID turnover turnover reaction
(pmol/mol) (%)

HCHO production G4104 1040.0 79.49 CH3O2 + NO→ HCHO + NO2 + HO2

G4102 133.0 10.10 CH3OH + OH→ HCHO + HO2

J4100 66.2 5.04 CH3OOH + hν → HCHO + OH + HO2

G4107 49.7 3.78 CH3OOH + OH→ .7 CH3O2 + .3 HCHO + .3 OH + H2O

HCHO loss J4101a 698.00 53.00 HCHO + hν → H2 + CO
J4101b 436.00 33.14 HCHO + hν → H + CO + HO2

G4108 182.00 13.84 HCHO + OH→ CO + H2O + HO2

CO production J4101a 698.0 52.36 HCHO + hν → H2 + CO
J4101b 436.0 32.73 HCHO + hν → H + CO + HO2

G4108 182.0 13.67 HCHO + OH→ CO + H2O + HO2

CO loss G4110 6230.00 100.00 CO + OH→ H + CO2

  

G4104
G4102
J4100
G4107

J4101a
J4101b
G4108

HCHO production HCHO loss

J4101a
J4101b
G4108

CO production

Fig. 11. Most important contributions of single reactions to the pro-
duction of formaldehyde (left), loss of formaldehyde (middle), and
production of carbon monoxide (right). The corresponding values
and chemical equations are listed in Table 1.

choice for forward or backward trajectories is nevertheless
open depending on the intended application of the quantifi-
cation method.

A general improvement of input data with respect to the
quality of boundary conditions for the trajectory simulations
and, more importantly, of mixing ratios sampled from the
3D model can be achieved via online sampling during the 3D
model simulation (Jöckel et al., in preparation). Interpolation
errors leading to artefacts in the mixing contribution are thus

minimised.

7 Summary

The model hierarchy method presented in this paper repre-
sents a new tool for the quantification of transport, chemistry,
and mixing along atmospheric trajectories. A new trajectory-
box model CAABA/MJT was developed, its specialty be-
ing the high consistency with respect to the 3D global
ECHAM/MESSy atmospheric-chemistry (EMAC) model.
Based on the hierarchy, the separation and quantification of
transport, mixing, and chemistry along atmospheric trajecto-
ries is achieved through comparisons of results from the two
models. The trajectories to be analysed have to be based on
the 3D model to ensure the consistency of transport between
both models. In order to achieve a sound statistical basis for
results, the trajectories are grouped into coherent bundles, of
which only one is used for the trajectory-box model simula-
tions, keeping its statistical weight for future analysis.

Fig. 10. Ensemble plot for carbon monoxide (left) and nitrogen oxides (right) simulated on
trajectories based on EMAC (relative left) and ECMWF (relative right) in the same time interval.
The more intense the red hue the more statistical weight the respective trajectory has.
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Fig. 10. Ensemble plot for carbon monoxide (left) and nitrogen oxides (right) simulated on trajectories based on EMAC (relative left) and
ECMWF (relative right) in the same time interval. The more intense the red hue the more statistical weight the respective trajectory has.

Table 1. Chemical production and loss reactions for formaldehyde and carbon monoxide. Turnover is given as absolute mixing ratio and as
percentage of all production or of all loss for a species, respectively.

reaction ID turnover turnover reaction
(pmol/mol) (%)

HCHO production G4104 1040.0 79.49 CH3O2 + NO→ HCHO + NO2 + HO2

G4102 133.0 10.10 CH3OH + OH→ HCHO + HO2

J4100 66.2 5.04 CH3OOH + hν → HCHO + OH + HO2

G4107 49.7 3.78 CH3OOH + OH→ .7 CH3O2 + .3 HCHO + .3 OH + H2O

HCHO loss J4101a 698.00 53.00 HCHO + hν → H2 + CO
J4101b 436.00 33.14 HCHO + hν → H + CO + HO2

G4108 182.00 13.84 HCHO + OH→ CO + H2O + HO2

CO production J4101a 698.0 52.36 HCHO + hν → H2 + CO
J4101b 436.0 32.73 HCHO + hν → H + CO + HO2

G4108 182.0 13.67 HCHO + OH→ CO + H2O + HO2

CO loss G4110 6230.00 100.00 CO + OH→ H + CO2

  

G4104
G4102
J4100
G4107

J4101a
J4101b
G4108

HCHO production HCHO loss

J4101a
J4101b
G4108

CO production

Fig. 11. Most important contributions of single reactions to the pro-
duction of formaldehyde (left), loss of formaldehyde (middle), and
production of carbon monoxide (right). The corresponding values
and chemical equations are listed in Table 1.

choice for forward or backward trajectories is nevertheless
open depending on the intended application of the quantifi-
cation method.

A general improvement of input data with respect to the
quality of boundary conditions for the trajectory simulations
and, more importantly, of mixing ratios sampled from the
3D model can be achieved via online sampling during the 3D
model simulation (Jöckel et al., in preparation). Interpolation
errors leading to artefacts in the mixing contribution are thus

minimised.

7 Summary

The model hierarchy method presented in this paper repre-
sents a new tool for the quantification of transport, chemistry,
and mixing along atmospheric trajectories. A new trajectory-
box model CAABA/MJT was developed, its specialty be-
ing the high consistency with respect to the 3D global
ECHAM/MESSy atmospheric-chemistry (EMAC) model.
Based on the hierarchy, the separation and quantification of
transport, mixing, and chemistry along atmospheric trajecto-
ries is achieved through comparisons of results from the two
models. The trajectories to be analysed have to be based on
the 3D model to ensure the consistency of transport between
both models. In order to achieve a sound statistical basis for
results, the trajectories are grouped into coherent bundles, of
which only one is used for the trajectory-box model simula-
tions, keeping its statistical weight for future analysis.

Fig. 11. Most important contributions of single reactions to the production of formaldehyde
(left), loss of formaldehyde (middle), and production of carbon monoxide (right). The corre-
sponding values and chemical equations are listed in Table 1.
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