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Summary

As part of the MACC project, the Integrated FordogsSystem (IFS) is being extended by
modules for chemical conversion, deposition andssions to account for the source and sink
processes of trace gases. The successful apphiczaititne “Chemistry-IFS” (C-IFS) depends
not only on the correct implementation of these me@dules but also on the quality of the
applied IFS advection scheme. The objective of i®rt is provide a first diagnostic of the
mass conservation properties of the semi-Lagraragamrction (SLA) scheme of the IFS with
respect to trace gases and to make suggestionsxosteps in the C-IFS development.

For this report, one-year simulations by C-IFS (@&0) with and without (i) a global mass
fixer and (ii) the quasi-monotonic interpolationtbe SLA scheme were carried out and their
mass-budget investigated. C-IFS was run with theébaabond-mechanism (CBM-4,
Houweling et al. 1989) to represent tropospherienulstry, a linear scheme (Cariolle and
Teyssedre, 2007) for stratospheric ozone chemitny a radon tracer. Further, 10-day
forecasts of a tracer emitted in the upper tropesptby the Eyjafjalla volcano has been
studied with respect to mass conservation.

The mass error of the SLA scheme was species gpacifl systematic. The SLA scheme
caused a systematic mass increase for most speeigsy those with surface emissions or a
maximum close to the ground. For ozone and otheciep with a stratospheric maximum a
systematic loss was found. The loss or gain perrdaged from 0.01% to 5% of the total
burden and was a significant contribution to thebgl mass budget. An extreme case of the
artificial mass gain was the volcano tracer, whetfowed an increase in total mass with
respect to the emitted mass of about 20% and mMmeertheless, for reactive species (which
by definition experience relatively fast turnovetas) atmospheric chemical reactions and
deposition counteract the systematic mass bias fransport so that concentrations reach a
new dynamic steady state instead of showing a wtéafl. The identification of the areas of
the largest violation of the mass conservation resmancertain because the current SLA
scheme makes it difficult to accurately calculai@smbudgets of sub-domains as this would
require an exact quantification of the flux crogsine domain boundary.

Not using the quasi-monotonic limiter (noQM) of tBeA interpolation (QM is the default
setting in IFS) improved the mass conservatiorspacies which had shown a mass increase.
However, negative concentration values occurredghnis prevented by the QM option. The
mass added to correct the of negative values wastdtvo to five times smaller than the
improvement in conservation by the SLA scheme. dotg QM had the biggest impact close
to strong gradients in particular near the tropspalhe volcano tracer mass conservation
improved strongly with noQM.

A global mass fixer (MF), which proportionally dittutes the diagnosed mass loss/gain of
the SLA over the whole domain has been implemeatetithoroughly tested. The change in
mass by MF is highest where the concentrationshigyie, which is often the area of higher

gradients. The MF could fully correct the globalasdoss/gain. The respective concentration
patterns agreed mostly very well with those of eheorrected simulation. Nevertheless, the
mass fixer caused small but large-scale biasesubedtun-physically distributed mass from

the areas of weaker gradients to the areas ofgaragradients. Examples of this artefact were
a decrease of CO over the Arctic and a decreaS@oear the tropopause.

A rather strong impact of the application of thesséixer and the no-QM option was found
for NO, and related nitrogen species which was most @siblthe upper stratosphere, but
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which also impacted the oxidizing capacity of trepbsphere. This indicates problems of the
SLA scheme near the strong and fast moving gragliahtthe terminator which are then
amplified by an inadequate representation of stpdteric NQ chemistry by the tropospheric
chemistry scheme.

Despite the identified problems, the concentratipaiserns of C-IFS were very similar to the
ones of the TM5-CTM which uses a fully conservatgvection scheme. This was shown in
more detail by comparing Rn222 simulation of C-E&& TM5. A good agreement between
the two simulations could be shown, which indicdkes the mass-non conservations does not
greatly deteriorate the concentration gradienttherconsidered time scales.

For the current implementation of C-IFS it is recoemded not to use the quasi-monotonic
SLA (noQM) option for species with surface emissiogether with a general fix for negative

concentrations. The use of the global mass-fixah wiroportional changes in the whole

domain is recommended for long-term simulationdatit data assimilation.

For the reminder of the MACC project and later stathe following is recommended:

Implement a family approach to advection of O alleviate the problems with
stratospheric NQ

Improve the mass-fixer to fix the mass predominarnti areas of the largest
interpolation error as suggested by Williamson Badch (1994) or Zerroukat (2010).

Consider separating horizontal and vertical adeacto be able to fix mass for each
level and column separately.

Consider implementing flux—form vertical advectionat least diagnostics to enable
separate mass budget diagnostics for troposphetestamtosphere and to estimate
cross-tropopause flux.

Test the feasibility of the implementing the scgliof the interpolation weight as
suggested by Kaas (2008) to ensure mass conservatio

Test the feasibility of introducing a non-interpolg approach for vertical tracer
advection (Ritchie, 1986) or 3D tracer advectiorsaggested by Smolarkiewicz and
Pudykiewicz (1992).
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1. Introduction

As part of the MACC project, the ECMWF's Integrateorecasting System (IFS) is extended
to simulate processes of atmospheric chemistrynan-The simulation includes transport by
advection, convection and diffusion as well as dcahtonversion, emission and wet and dry
deposition of reactive gases. The extended IF&fesred to as C-IFS (Chemistry-IFS). C-IFS
is meant to replace the coupled system IFS-CTM if@te Transport Model) at the end of
the MACC-II project (proposal under review). As paf the coupled system, IFS uses
tendency fields of source and sink processes, whrehsimulated by the coupled CTM
(Flemming et al, 2009). C-IFS avoids the inconsisies of IFS-CTM, such as the simulation
of concentration fields and sources and sinks dferdnt model grids using different
transport algorithms. C-IFS has been shown to Ingpatationally much more efficient than
IFS-CTM.

This report presents global mass diagnostics oftitheers in C-IFS. The objective is to

investigate the error in tracer-mass conservatimoeduced by the semi-Lagrangian advection
scheme (SLA), and to relate it to the strengthhef $ource and sink processes of individual
chemical species. C-IFS needs to be made suffigianturate for its main purposes, which

are data-assimilation and short-term forecastingigher degree of mass conservation would
be required for climate runs.

SLA schemes do not account for the actual masd$lix and out of the model grid boxes.
Therefore, mass is not conserved and it is diffitallocally correct mass fluxes to ensure
conservation. This is a common problem for all egpi@ric models that apply SLA schemes.
SLA schemes are widely used because of their effigi since the stability of the schemes
makes it possible to apply a large time step.

The mass conservation error is expected to depemdthe vertical and horizontal
concentration gradients, which means that the ésrdifferent for different tracers and that it
varies with location. It is therefore important use realistic source and sink terms in the
transport studies because they maintain the spepéxsfic gradients.

The global mass budget of a chemical species isaltad only by the source and sink terms,
i.e. without contribution from transport process@sy change in the total global mass not
accounted for by the global integral of the sinkl anurce terms can be attributed to the mass
error of the transport simulation. Studying thebgllbomass deficit is therefore a reliable
diagnostic to identify problems with the mass coveigon but it does not reveal in which
region the mass non-conservation occurs.

It is difficult to accurately calculate the masgbat for limited areas in the framework of the
SL scheme because the net-transport through thedboy of a sub-domain cannot be
calculated. This makes it difficult to identify aein which the mass conservation is violated
the most, and consequently where it would be leesbitrect to achieve conservation.

To correct the mass non-conservation, tracer-miagssfhave been suggested by several
authors (e.g. Priestley, 1993, Williamson and Raskt®94, Schraner et al., 2008, and
Zerroukat, 2010). Since only the global mass ewan easily be diagnosed, the main
difference between the mass fixers is how theyiapatistribute the mass-error correction

on to the model grid.

A simple global mass fixer (MF) has been impleménteC-IFS, which globally scales the



mass mixing ratios to achieve global mass conservathe highest absolute corrections are
imposed where the concentrations are highest.lllibeiinvestigated to what extent the usage
of MF changes the typical gradients.

Details of the SLA scheme implementation may al&y @ role to what extent mass is
conserved. The SLA of IFS applies a quasi-monotf@M) approach, which limits the range
of the concentration changes due to advection. @M approach is required to avoid
negative concentrations but it may contribute ml#tk of mass conservation.

Because global mass budget diagnostic cannot w@lida concentration patterns, comparing
the C-IFS simulation to a reference model whichsugemass conserving advection is a
further important test. It can be used to chedkéf global redistribution of mass by the mass
fixer caused un-realistic concentration patterriee €omparison is, however, complicated by
the fact that the differences in the concentrafields between C-IFS and the reference model
can be caused by many factors of which the noneswatons is only one rather small aspect.

Radon (Rn222) has often been used to study thepainproperties of CTMs (e.g. Josse and
Peuch, 2004) because of its simple source, i.esstom over land varying with latitude, and a
fixed life time. Comparing the Radon simulation lwibservations can help further validate
the C-IFS transport characteristics.

The diagnostics of the global mass and the souncesink terms does not only help to
identify the mass-conservation but can also be tsédentify global mass drifts because of
chemical imbalances, temperature drifts, adaptaiionew emission data or biases in the
deposition routine. This analysis is not the mafifocus of the report but we will present
how changes in the transport scheme triggeredrdiffaesponses of the chemistry scheme.

The remainder of the report will briefly recall ti8.A scheme and the total mass budget
calculation in section 2. Section 3 will preseralgl mass diagnostics for C-IFS runs over a
period of 13 month with different settings. A dission of the resulting average cross-section
is given in section 4. The mass conservation oheet released over 10 days by a volcano
(Eyjafjallajokull) is analysed in section 5. Thengparison of Rff? experiments with C-IFS
and TM5 is presented in section 6. The influencéesonperature forecast biases on ozone will
be discussed on section 7. Recommendation forgwtork on the SLA scheme is the content
of section 8.



2. Overview of IFS Semi-Lagrangian advection scheme &n mass
diagnostics

The semi Lagrangian advection (SLA) scheme wasdiuized in NWP systems to avoid the

limiting CFL stability criterion of Eulerian transpt methods. This renders the NWP system

to perform forecasts with longer time steps.

In Lagrangian advection schemes fluid particles aaeked as they are transported, i.e.
advected, by the surrounding fluid flow. Semi-Lagg@n transport schemes re-position these
particles at every time step such that the pagiateive exactly at the points of the model grid
at the end of the time step. In this way a regulsiplaced set of particles is assured.

Rasch and Williamson (1990) and Machenhauer ¢2@08) define several quality criteria to
characterize advections schemes of which the fatiguwvere studied in this report:

Conservation of mass
Monotonicity (including being positive definite)

Preservation of shape

The re-positioning of particles by SLA requiresiaterpolation procedure, which does not
assure mass conservation and monotonicity. On ttiner thand, mass conservation is a key
quantity for the advection of chemically activeces and the application of SLA schemes for
tracer transport might be problematic. Tracer n@ssservation is important for long term
simulations but might be less of a problem for degsimilation which itself will change the
mass according to observations and where the masdsipically run only over shorter
periods.

It should however be emphasised that tracer coaservis only one aspect of the realism of
the tracer simulations. The preservation of shapefien tested by advecting artificial tracer
configurations such as the slotted cylinder(e.gadga et al, 2010). In this report we consider
the shape of realistic atmospheric profiles fofeddnt tracers.

2.1. Implementation of the C-IFS advection scheme for ticers
A detailed description of the implementation of 8le advection scheme can be found in the
IFS documentations (http://www.ecmwf.int/researfsocs/ Part 3 — Dynamics and

Numerical procedures). Note that the SL advectidmeme is used for the meteorological
parameters as well as the chemical tracers.

The SL advection scheme without considering therimrtion from sink and source terms
goes the following steps to find the field value at the next time step at the
arrival grid points

1. Finding the departure point by iteratively calculating the back-trajectoryover
the time step using the 3D wind field interpolated to the middle of the back-
trajectory:

2. Interpolating the field values at the departure point from
surrounding grid-boxes using a quasi-monotonic quasi bi-cubic scheme



Monotonicity of the SL-scheme can optionally beuested by limiting to the
maximum and minimum of the values, which is referred to as the ‘quasi-moniaton
implementation of the SLA. It ensures that thermdated values remain positive, but this
approach may cause systematic biases close to glztients.

The quasi bi-cubic scheme is a simplification di-@ubic scheme which reduces the number
of neighbours from 64 to 32, and the computatioomfr21 one-dimensional cubic
interpolations to 7 cubic plus 10 linear one-dimenal interpolations. The order of the
interpolation in the vertical is reduced to linednen the evaluation point lies between the
two highest or two lowest model levels, as extrapioh beyond the top or bottom levels is
prohibited.

The accuracy of the solution depends on the error in the departure point
position and the interpolation of the field value but there is evidence that the
interpolation-error of the fields is of greaterlugnce than the error in the departure point
position.

2.2. Diagnosing and fixing global mass in C-IFS

The concentration of the chemical species is ptedes mass mixing ratio’ at model level
k and horizontal grid point j. The total mass iscakated by multiplication of the grid box
mass which is given by the vertical extent of thiel §ox in pressure units and the grid box
areaA by the following formulae:
;-
$ % e .y oo &)
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The vertical discretization of IFS applies a hyksigma-pressure coordinate system which

depends on the surface pressurein the lower parts of the atmosphere. The pressaltges
at the layer interfaces are calculated using afdetrel dependent coefficients and - .

The total mass can change not only because of ragehaf ¥ but also because of a change
in the horizontal or vertical grid box size duriadvection. The vertical extend of a gribox (in
pressure units) can be caused by vertical motidsy@ change in the surface pressure, which
would change the vertical discretization. A masangfe because of the change in surface
pressure would for example occur if a uniform tracelumn was advected over raised
orography. The total mass would change even ifrdmer mass mixing ratios did not change
in the individual grid boxes.

The equation for the total masscan also be applied to obtain the contributiosairce and
sink terms by applying it to the respective tendenoGlobal mass budget calculations for the
following processes and diagnostics have been imgiéed in C-IFS:

1. Total mass
2. Surface emission source

3. Lightning and air craft emissions



Dry deposition loss

Wet deposition loss

Total chemical contribution

Mass non-conservation because of SL advection

Mass change because of global mass fixer if applied

© © N o o &

Mass of negative concentrations

10. Mass change because of negative concentration fix

11. Mass non-conservations because of diffusion andeziion

12. Chemical loss because of photolysis in tropospaedestratosphere

13. Chemical loss because of reaction with OH in trppese and stratosphere
2.3. Improving mass conservations of SLA schemes

Many different approaches to improve the mass aoaten of SLA, mostly for 2D or 1D
schemes, have been proposed in the literature.pféetical usefulness of these schemes
depends on their computational cost and their impaother properties of the advection such
as shape preservation and monotonicity. The appesacan be grouped in (i) cell-integrated
schemes and (ii) mass-fixer approaches.

Cell-integrated schemes (also called re-mappingrsels) consider not a departure point but
the departure volume, which is transferred to thival volume, i.e. grid-box of the arrival
point. The process of the re-mapping is computatignexpensive, in particular in 3D,
because the departure volumes are distorted iresgatl-integration schemes conserve mass
not only globally but also locally. Example of celtegrated schemes are Nair et al. (2002),
Zerroukat et al. (2004, 2006) and Lauritzen e(2010).

A computational less expensive approach than théntegrated schemes which utilises the
cell volumes was developed by Kaas (2008). The mitithe volumes or areas (2D) of the
arrival grid box and the grid boxes next to theatgpe point is used to scale the interpolation
weights. Mass conservation is achieved by makimg that the sum of the contributions from
each grid box towards the arrival boxes equalsrthss in the grid box.

Global mass fixers diagnose the global mass emdr radistribute the gain/loss over the
whole domain or specific model levels in the cab@® SLA schemes. The amount of the
mass-correction can vary spatially to account figr fact that the largest mass error can be
expected in regions of large gradients. For exayrptistley (1993) and Zerroukat (2010)
use the difference between a lower and higher-artterpolation scheme to determine the
strength of the correction. Williamson and Rasc®9@) and Schraner et al. (2008) scale the
correction according to the differences of the nmabsng ratio between departure and arrival
point. All mass-fixer potentially redistribute maissan “unphysical” way since they do not
conserve mass locally. They do not differentiatevben areas of mass gain and mass loss.

The application of non-interpolating SLA schemestdiite, 1986, Smolarkiewicz and
Pudykiewicz, 1992) may help to improve the masseoration properties. Non-interpolation
schemes replace the interpolation of the depapanet value from surrounding model grid
points by a flux-form Eulerian advection operatehjch conserves mass.
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3. Global mass diagnostics for advected species in €S

3.1 Experiment setup

A series of C-IFS simulations over a period of 18nths were made to quantify the mass
conservation. The simulations consist of a sequef@& day forecasts. At the start of each
forecast the meteorological fields are updated with operational meteorological analysis.
The concentration fields from the previous forecast used as initial conditions for the
chemical composition. All contributions to the ghblmass budget (1 — 13, see section 2.2)
are calculated at each model time step (1h) andnagated over the full period. The
following experiment set-ups, which differ in theedtment of the SLA, are going to be
discussed:

no MF QM ( No Mass fixer applied, with quasi momnutointerpolation)

MF QM (Mass fixer applied, with quasi monotoniterpolation)

MF no QM (Mass fixer applied, without quasi momitointerpolation)

no MF no QM (no Mass fixer applied, without quaginotonic interpolation)

The configuration “no MF QM” is the default settires it has been used in all IFS
experiments including adverted tracer within thejgets GEMS and MACC, i.e. for the GO
Methane, Rn, S§-Aerosols and global reactive gases ©O, NQ, SG and HCHO.

All experiments with C-IFS were run at T159 spdctesolution on 60 hybrid-sigma levels.
The model top was at 0.1 hPa. C-IFS uses the CBbpbspheric chemistry scheme and
photolysis-rate calculation of TM5 as describedHuijnen et al., 2010. C-IFS applies pre-
calculated dry deposition velocities as used in T8 a wet deposition routine which is a
combination of the Harvard GMI (Jacaob et al. 208€)eme and the IFS scheme implemented
for aerosol (Morcrette et al. 2008) Stratospherione chemistry is simulated with the linear
scheme of Cariolle and Teyssedre (2007). The ternelenf stratospheric ozone are blended
in with the tendencies of the troposphere at tlessure of about 120-100 hPa in the tropics
and at about 250-240 hPa in the extra-tropics. kiblihcentrations are prescribed at 10hPa
by a climatological ratio of HNEO; based on UARS MLS satellite observations.
Concentrations of remaining trace gases in thetosiphere are subject to tropospheric
chemistry.

strat trop interface

Pras (hPa}

230-148(cos(lat))~4
- 260-148(cos(lat))~4
— — - 200 hPa

----- TMS monthly/zonal mean

T I

Figure 1 Coupling between the stratospheric ozonéhemistry scheme (above solid blue
line) and the tropospheric chemistry CBM4 (below dahed blue line). The tendencies of
both schemes are averaged in the transition zoneufher shown is an older version of
the coupling (above/below 200 hPa, dashed red linahd the average height of the
interface in TM5 for various months, based on theanal mean 150 ppbv @level.
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3.2. Contribution of source and sink terms to budget

Table 1 contains the budget of all advected speadfitise CBM4 mechanism 31 species after
a simulation of 1 year for the base case (no_MF_QMjontains the total burden and the
mean contributions of the chemical conversion, sioms, wet and dry deposition, the
correction of negative values and the non-consee/&L scheme in relation to the total mass
for 24 hours. The non-conservation (SLA residua$ been quantified by the mismatch of
the contributions of the source and sink termsthadliagnosed change in total mass at every
time step (1h).

The concentrations have reached an quasi-equitibsiate because the contributions of the
different source and sink terms more or less cosgteneach other. The relative changes
included in Table 1 identify the importance of eaclurce and sink term on a global scale.
One should note that in contrast to the emissiam$ @eposition terms, the chemistry
contribution is the summary of chemical gain arskland therefore a small global chemistry
contribution does not mean that chemical convergsonot an important process for the
respective species. This is in particular valid D, and for ozone, which is not emitted.
Note that the global ozone budget is mainly deteechiby the stratosphere so that deposition
only appears as a small term, even though thisbeavery relevant for reproducing ozone
surface concentrations.

The fix of negative concentrations is negligible &l species apart from NO, and related
species such as N@nd NOs, as well as for NH3 and Isoprene. The reasonhi@mnegativity

of the values is in principle not directly relatexithe advection scheme but caused by the
operator splitting between emissions injectionfudiion and very rapid chemical conversion.
More analysis is needed to find a solution for grisblem.

To further demonstrate the global contributionsh& source and sink terms Figure 2 shows
the temporal development forCO, NG, NO, SQ and Rn. The average change in global
mass is the consequence of source and sink combrisuof about the same strength. When
averaged over a long period the source contributioly varies on a seasonal time scale
which leads to an approximately linear increasacéumulated. Chemical species that are
strongly influenced by photo-chemistry often showdiarnal cycle in the global chemistry
contribution. The effective mass change is smallafib species compared to the size of the
individual source and sink terms. However, the nmssconservation (RESIDUAL) is often
of the same order of magnitude as the global mhasge, which makes this a considerable
contribution to the mass change of several compaukidre details on the size of the mass
non-conservation are provided in section 3.3.

The development of the mass budget for ozone (€igua) differs in two important aspects
from the other species. The mass non-conservaltas to a negative contribution which is
of the same magnitude as the dry deposition, amd ctntribution from the chemical
production decreases with increasing forecast tilffes consequently results in a mass
change that varies with increasing forecast timee Tatter feature is not related to the
advection scheme but could be attributed to inémgasiases in temperature as described in
section 7.
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Table 1 Global mass diagnostics for species advedtby C-IFS (TM5) from a one-year
simulation. Mass: global burden in Tg, Chem, WetDepDryDep, Emis, Negfix: average
change per day scaled to total burden [%] becausd ohemistry, wet and dry deposition,
emissions and correction of negative concentrationsespectively. noMC is the global
mass error (i.e. non-conservation) because of thde& scheme per day scaled to total
burden or the maximum source/sink term (Max(SS) [%0].
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Figure 2 Global mass budget component surface emigas (EMIS_FLX),
atmospheric emissions (EMIS_ATM), dry deposition (DEP_FLX), wet deposition
(WDEP_FLUX), chemical conversion (CHEM_TND), massltange (MASS_CHG)
and the error introduced by the SL advection schemé@RESIDUAL) for O3 (a), CO
(b), NOy(c), NO(d), SQ (e) and Rn(f) over 240 h (derived from 36 forecajt

3.3. Quantification of global non-conservation by SL traasport scheme with
and without using quasi-monotonic interpolation.
As shown in Table 1 the mass non-conservationserimus problem of the SL advection in
C-IFS. For the default setting (no MF QM) the anmtoohspurious mass changes are in the
order of 0.01 to 6 % (see Figure 3) of the to@tér mass per day or in the range of 1 to 50%
of the global contribution of the largest sink ausce term. Figure 4 shows the same
information but the mass error is accumulated @85 days. This accumulated value is a
significant proportion of the total mass. For imsta, if there were no source and sink terms
the total burden of ozone would have been reducetb®% after a one-year simulation; for
Isoprene the initial value would have been incréag®out 10 times. The amount of the mass
error is very variable and species dependent. Thessroonservation error can be
characterised as follows:

The global error is systematic: either it alwaysréases or it always decreases both
on the daily scale and as an annual average

Most species, i.e. with surface emissions or a mari close to the surface
experience a systematic mass increase.
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03, 03S (stratospheric ozone), HNO4, H202, CH3O0H tracers without surface
emission and without a maximum close to the surfaqeerience a systematic mass
loss.

The mass non-conservation acts for most species @snstant additional source or sink
whose spatial distribution is not known. It candpeculated however that the violation of the
tracer mass conservation occurs especially at eHeaation of strong gradients in mixing
ratios and certain prevailing 3D wind patterns. $trengest vertical and horizontal gradients
of the species showing an increase occur in thendemy layer over land whereas the
stratospheric ozone has strongest gradients atdpepause. In the regions of large gradients
the interpolation error at the departure pointikely to be larger, and systematic, as
concluded from the systematic loss of the species.

In the Quasi-monotonic (QM) implementation of thieASscheme, the interpolation of the
departure value (see section 2.1) is limited tortteximum and minimum of the grid point
values used for the interpolation. If this limitatiwas abandoned, the mass conservation was
much improved for all species except ozone, wheeeldss was slightly increased. Figure 1
show the relative improvement by not using the Qdiam. The mass error of the non QM
option was reduced by 30% to 100% (no mass emymare). The main purpose of the QM
option is to avoid concentration values below zand consequently the use of this option
increased the number of points with negative vafiresluced by the SLA scheme. The mass
added to correct the negative values was increagbdtantially but the added mass was
mostly smaller (typically 20-50%) than the amourtneass needed to correct the mass
conservation. For all species with positive massreit can therefore be concluded that some
of the increase was caused by the lower limit edfdiby the QM option.

The quasi-monotonic option had an impact on thal toass of the species. This is caused by
the change in the mass-conservation propertiesnelee for negative fixes but also by the
chemical interaction between the species. Figushoivs the ratio between the average total
mass with and without using QM. For most of thecigethe total mass was slightly lower by
about 2-8% because the noQM options decreasedrtberd of the mass gain. A lower mass
of about 2% was also diagnosed for O3 and O3S Bectne noQM option increased the
absolute value of the mass loss. The increasesahrhass by 2-5 % of NO, NON,Os and
DMS cannot easily be explained by direct changdherconservation properties. It has to be
assumed that they are a consequence of chemieeddtipn with other species.

The changes in the total mass were always significamaller than the accumulated amount
of the mass-non-conservation. This is a clear #gih a large proportion of the mass error
introduced by the SLA scheme is compensated bytatiiap of the physical source and sink
terms.
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Figure 3 Mass noneonservation over 24 hours in relation to total tr@er mass (in %) for
31 tracers of C-IFS.
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Figure 4 Mass noneonservation over 365 days (absolute) in lation to total tracer mass
for 31 tracers of C-IFS (yaxis in log scale)
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Figure 5 Relative improvement of absolute mass error of SLScheme with no Qua«-
Monotonicity (QM) with respect to the default setthg with QM. Positive values are ar
improvement, 100% corresponds to “no mass error”. ©lumns in light-blue indicate a
change in sign of the mass error.
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Figure 7 Ratio (%) between the total mass with and without ging the QM option of the
SLA scheme. Values below 100% indicate a smallertsd mass when not using the QM
option.

3.4. Evaluation of a global mass fixe

The global mass fixer as described in sec2.2 has been applied in runs MF QM and |
noQM which did or did not use the QM interpolatimption. The global mass fixer is appli
directly after the SLA rotine and does not make use of the informationHerdalculation o
the mass residual, i.e. the difference betweercliamge in total mass and the contributi
from the source and sink terms. It only evaluatestbtal mass before and after SLA
corrects the mass after SLA

The application of the global mass fixer did redtlee SLA mass error to a large extent,
by 1 to 3 orders of magnitude (sFigure §. The reduction was stronger for the runs with
QM option becase for these runs the SLA mass error was higher ¢eapter3.3). The
change in the total burden with the applicatiorthef mass fixer was mostly larger with
QM option than without the QM option because of mhestly larer SLA mas-error in the
case of QM. The difference in total burden was aliéa without QM and in the range up
5% lower with QM.

The application of the mass fixer led to a smaii¢al burden except for O3S aCH3OOH.
The fact that the total burddid not increase for the other species with a neg&LA mas:
error (@, HNO, and HO,) might be related to the chemical interaction vather species, i
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particular to NOx, which showed large differencegadtal burden for the different settin
QM and MF.

An exception of the small changes in total massfaasd for NO and related species sucl
NO,, HNO; and NOs. For these species an reduction in global maskl dmifound to 5-
70% of the value without mass fixer in the caseQd (MF QM), which points to a high
sensitivity of the chemical equilibrium state teettransport settingsFigure 10 shows the
development of the total NO burden for the-year simulation with the different options. ,
options apart from MF QMhow an continuous increase in NO from about 0(B@&oT g, anc
a similar increase could be found for ,, HNO; and NOs. The strong increase in I, could
indicate that for these species the artificial massease by the SLA scheme is signific
contribution to the budget which is not compensated bymite reactions. An othe
explanation would be that the unphysical spatatdfer of NO by the mass fixer introduc
a different chemical regimes which favoured a lon&, burden. The differences ihe
spatial patterns will be discussed in the sed.

In summary, the advection with the SLA of NO and, seems very problematic becaus¢
the strong gradients, especially at the terminaforfamily approach to advectiois
recommended.

Reduction of SLA mass error by global mass fixer
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Figure 8 Ratio of SLA mass error with and without global mas fixer for QM (blue) and
no QM (red)
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Figure 9 Ratio of total mass with mas-fixer applied to total mass without mass fier for
SLA option QM (blue) and no QM (red).
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Figure 10 Development of total NO mass over a onegr simulation with different
options for mass fixer and QM.

4. Difference in spatial patterns because of QM and nss fixing (MF)
option for ozone, O3S, CO, N@ Rn and SQ.
Applying the mass fixer globally implies redistrtmg tracer mass in a non-physical way.
Artificial mass increase or decrease by the SLAes@hin critical areas with strong gradients
(e.g. tropopause, terminator in the stratosphergpatiuted areas over biomass burning
regions) would cause an artificial compensatiorthat global scale, which could lead to
systematic biases in large areas. So far, onlygkbieal budget has been considered. In this
section cross section of zonal average concentisaice compared for the different setting of
the SLA scheme for Ozone, O3S, CO, Rn, NO and MO the middle of the simulation
period, i.e. in June 2007 (Figure 12 — Figure I03S and Rn are species which do not
chemically interact with other species, which makesasier to relate the identified
differences to the transport scheme. Figure 1Wslibe latitudinal distribution of the partial
columns for the troposphere and the stratosphévenggan overview of the differences
between the various transport settings. Apart fid@ and NQ, the changes of the average
fields because of the mass fixer (MF) and not usjugsi-monotonic interpolation (noQM)
were in the range of 5-10 %. Tropospheric NOx eotr@tions varied substantially, within a
range of 10%, directly impacting the oxidizing ceipaof the model. Much larger changes in
NOXx occurred in the upper stratosphere and abokigvindicates a very sensitive feedback
between the transport scheme, in particular itstdimon on maximum values, and the
chemical scheme.

The application of the mass fixer (MF&QM) with resp to the base case (nOMF&QM)
caused mostly a decrease in the whole model dof@n Rn, S@). For radon the increase
was more or less proportional to the average cdrat@ns. There is a general decrease,
which is only a fraction of absolute concentratio®®r CO and S©the largest decrease did
not occur close to the areas of the emissions fuhe polar troposphere (CO) and the
tropopause (S§). Likewise the largest increase fog @nd O3S did not occur in the area of
the highest mass mixing ratios in tropical strabesp but in the mid-latitudes and the polar
regions. It is difficult to determine to what extehis response to the mass fixer can be
attributed to the interaction with other specibs, thanges in the transport patterns because of
the application of the mass fixer or the respongehe source and sink processes. The
patterns of @ (Figure 12) and O3S (Figure 13) were very similahich leads to the
conclusion that the large differences are not ahimethe chemical interaction with other
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species such as NO. The increase in troposheritedzecause of the application of the mass
fixer was in the order of 1 ppb.

Not using the QM option had a more localised impghah the application of the global mass
fixer. It decreased the values in the areas ofhighest concentrations of CO, Rn and,SO
Further, the presence of sharp gradients at the 8BL(Rn) and at the tropical tropopause
(CO, SQ 05, O3S) caused larger differences in comparison thighbase run. noQM led to
higher values for CO and $@nd lower values for £and O3S at the tropical tropopause
whereas the ozone values were higher above thesiteric ozone maximum. A dipole
pattern at the tropical tropopause suggests thatisiog QM decreased the downward mass
flux of ozone across the tropopause. Troposphern® and O3S decreased because of not
using QM by 1-2 ppb.

Using the mass fixer without application of QM (MREQM) lead to similar responses as
(noMF&noQM) for CO, Rn and S{but not for Q and O3S. This can be understood by the
fact that for most species the noQM option improted large extent the SLA mass error as
shown in section 3.3. Only for ozone noQM did moprove the mass conservation. The
change in extra-tropical stratospheric ozone as seethe case MF&QM was more
pronounced for MF&noQM. For noQM an O3 decrease faasd at the tropical troposphere.
The increase introduced by the mass fixer prevaileitie extra-tropical troposphere, where
values increased in the order of 1 ppb
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Figure 11 Zonal, monthly mean partial columns for dine in troposphere (solid lines) and
stratosphere (dashed lines), for the runs noMF&QM lplack), noMF&noQM (red) ,
MF&QM (blue) and MF&noQM (yellow). Stratosphere is here defined as the 200hPa
level
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Figure 12 Cross section of zonal mean of Ozone iude after 6 month simulation (no
mass-fixer and quasi-monotonic interpolation - noMFQM, top left) and difference
between no mass-fixer (noMF noQM (top right), MF&QM (bottom, left) and
MF&noQM (bottom, right)

Figure 13 Cross section of zonal mean of O3S (Ozowith Cariolle-scheme only) in June
after 6 month simulation (noMF QM, top left) and difference between noMF noQM (top
right), MF&QM (bottom, left) and MF&noQM (bottom, r ight)
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Figure 14 Cross section of zonal mean of SGn June after 6 month simulation (noMF
QM, top left) and difference between noMF noQM (topright), MF&QM (bottom, left)
and MF&noQM (bottom, right)

Figure 15 Cross section of zonal mean of NO in Jurgfter 6 month simulation (noMF
QM, top left) and difference between noMF noQM (topright), MF&QM (bottom, left)
and MF&noQM (bottom, right)
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Figure 16 Cross section of zonal mean of CO in Jurefter 6 month simulation (noMF
QM, top left) and difference between noMF noQM (topright), MF&QM (bottom, left)
and MF&noQM (bottom, right)

Figure 17 Cross section of zonal mean of Rn (1.08-kg/kg) in June after 6 month
simulation (noMF QM, top left) and difference betwe&en noMF noQM (top right),
MF&QM (bottom, left) and MF&noQM (bottom, right)
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Figure 18 Cross section of zonal mean of NOn June after 6 month simulation (noMF
QM, top left) and difference between noMF noQM (topright), MF&QM (bottom, left)
and MF&noQM (bottom, right)

5. Mass conservation of a volcano tracer

The advection of an volcano plume is a difficuiktdor an SLA scheme because of (i) the
associated sharp vertical and horizontal gradidiiftghe location of the plume close to the
tropopause and (iii) the rather coarse verticabltg®n of C-IFS in the free troposphere. The
advection of a volcano plume is an extreme casetlar@fore a good example showing the
properties of the SLA scheme.

For the volcano case four 10-days simulations ofeamption at the Eyjafjallajokull in
T159L60 resolution using the options noMF&QM (IF8fault), noMF&noQM, MF&QM
and MF&noQM without the simulation of any sink pesses have been carried out. The
simulations were started at 0.00 UTC on the 1514010 assuming a constant source
strength of 1000kg/s in the range between 5 to 8khe assumed values for emission
strength and source height are in-line with estsatf the real eruption of Eyjafjallajokull
which started 6.00 UTC on T4f April 2010.

Figure 19 shows the increase in tracer mass astidunof forecast length and the
accumulated emissions. Without any other sourcesamdprocesses, the mass increase and
the accumulated emissions should be always ofédime ssalue. A strong artificial increase in
tracer mass, caused by the non-conservations o6lthe scheme, was found for the case
noMF&QM which is the default setting of IFS. Thiading is consistent with the results for
the chemical tracers with emissions which also gltban artificial increase in mass, but of a
much smaller extent (see Figure 3). Using the rfiass (MF) fixed the mass error and not
using the QM option, both with and without MF, iroped also greatly the mass
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conservation. A more detail depiction of the mass error without mass fixer igeqg in
Figure 20. It shows &me series othe artificial mass chang@ccumulated over 6 hout
normalised with the emissic for the 10 day forecast periodThe mass error of the SL
scheme varied with time and rancfrom 20% to 80%of the corresponding emissiofor the
run usirg the QM option. Without the QM opti, the variability of the SLA error was simil
but it was much more centred around the line remtasy correct mass conservation, wr
led to the much improvealverallmass conservation.

The impact of the differer8LA option on the plume shape (total columns) a2teand 240 |
is shown in Figure 2hnd Figure 22. Additionally, Figure 28hows cross sections of t
plume concentrations along the plu axis after 24 h. Not withstanding the errors in &
conservationthe plume shape is simildor all configurationsand no obvious artefac
occurred. Themass fixer vorks proportional to the concentration values wHedds to n
overall downscaling othe higher values for MF&QM in comparison of thefaldt case
noMF&QM, which showed the large mass error. An atlage of usin@ proportion: mass
fixer for an volcano plume is that only the plumeanis effected. The impact of noQwas
more visible on thg@lume edges, whichadsmaller values. The QM option seems to ha
tendency to lead to too high values in the upwiineation.

The results presented were derived from a singie.Checking ofthe mass conservation 1
plume forecasts on othelays confirmed the findings presented hekemore systematic
investigation of the SLA mass error for differelaf situations might be worthwhils

Figure 191Increase in total tracer mass (Mt)caused by a point sourceG3.63°N,-19.6°W)
emitting 1000 kg/s between5 and 8 km (model levels 333) over 240 lours with
different options of the SLA scheme: noMF&QM (IFS default), MF&QM, MF&noQM
and noMF&noQM as well asthe accumulated emissionsNo sinks processes have be
simulated.
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Figure 20 Ratio in % between the SLA mass error ancthe single pointemissions over
the last6 h for the 240 h tracer plumesimulation without mass fixer (hoMF) and with or
without the QM option. A value of zero indicaes perfect mass conservatiol
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Figure 21 Total column of tracer mass (1.0e-7 kg/fp after 24 h emitted from a point
source (63.63°N, -19.6°W) at rate of 1000kg/s indhvertical range from 5-8km (model
levels 39-33) using the following options of the $L.scheme: noMF&QM (IFS default),
MF&QM, MF&noQM and noMF&noQM.

Figure 22 Total column of tracer mass (1.0e-7 kg/fafter 240 h, see Figure 21.
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Figure 23 Cross section of the volcano plume (1.a®kg/kg) after 24 h along the plume
centre (63.64N,19.6W to 56.32N,15.79E) . The vedlaxis is pressure in hPa.

6. Tracer Experiments with *Rn and comparison with TM5

To evaluate the impact of tracer transport schehe (bnline) tracer fields in C-IFS
(MF&QM) are compared to results from an offlingstem, in this case the chemistry
transport model TM5. However, as chemistry modddesveen TM5 and C-IFS differ in
many respects, we cannot disentangle effects fransport with other parameterizations.

Only the ?*Rn tracer which is a radio-active tracer with atlihe of a few days can
reasonably well be used for this purpose. Its memtiebncentration therefore does not depend
on anything else but emission, radio-active deaay @mansport. Radon surface fluxes are
identical in the two runs, according to Schery @0@ee Figure 24). Only over land masses
“Rn is emitted. Largest emission fluxes are foundhia tropics. In C-IFS emissions are
introduced as surface fluxes and are part of tfiesiion scheme. In TM5 they are introduced
separately by adding mass at the surface leveyeamputational time step. Decay-rates are
identical in TM5 and C-IFS.
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Figure 24 Prescribed emission flux of Rff?

A more comprehensive comparison of the model resuth observations would have to put
more emphasis on the correctness of the emissi@mtary. For the purpose of this report it
was sufficient to compare the concentration pastéetween C-IFS and TM5. C-IFS runs on
a T159L60 resolution (i.e. approx 1.25 degree) wasTM5 runs on with a spatial resolution
of 3° x 2° lon x lat, with 91 levels. Both systems use meaikmical data derived from the
operational forecasts.

Figure 25 shows the area-averaged profilé§®Bh in the troposphere, over the extra-tropical
NH and tropics. A good match between the offline @nline system is obtained. Profiles
over Southern Africa (Figure 26) at OUTC and 12UllGtrate that the increase in boundary
layer height during daytime is very similar betwdsth runs. Only at altitude levels between
600 hPa and 200 hPa C-IFS contains up to ~20%Rladen compared to TM5.

A more comprehensive comparison of the model tesuth observations would have to put
more emphasis on the correctness of the emissi@mntary. For the purpose of this report it
was sufficient to compare the magnitude of theedéffices between C-IFS and TM5 rather
than the errors with respect to observations. Nuwie differences in observed fields could be
attributed by slight differences in spatial reswot C-IFS runs on a T159L60 resolution (i.e.
approx 1.25 degree). TM5 runs on 91 levels, witipatial resolution of 3 x 2 degree lon/lat.
As in C-IFS TM5 uses meteorological data derivexrftthe operational IFS forecasts.

Figure 25 shows the area-averaged profilé§®Bh in the troposphere, over the extra-tropical
NH and tropics. A good match between the offline @nline system is obtained. Profiles
over Southern Africa (Figure 26) at OUTC and 12Umdicate that also on a more local scale
the concentrations remain similar. Only at altitlelels between 600 hPa and 200 hPa C-IFS
contains up to ~20% less Radon compared to TM5.

Figure 25 Instantaneous, area-averaged profiles oweextra-tropical NH (30N-90N),
Tropics (30S-30N) and extra-tropical SH (90S-30S).
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Figure 26 Instantaneous, area-averaged profiles &h UTC and 12h UTC over Southern
Africa (30S-0S x 10E-40E).

Figure 27-Figure 30 show time-series for threetiooa, at increasing pressure levels. For the
two European locations the mean concentration a&mdpdral correlation is very good
(generally R>0.7),. At Hohenpeissenberg as wethasCentral-African location (0 N, 20 E)
the boundary layer concentrations are 5-10% langefM5. With the absence of nearby
emissions the variability at the Antarctic locatisrmostly caused by long-range transport. It
is encouraging to see that average concentratio@sIFS are in line with TM5 results, and
that correlation is above 0.9, indicating thatshape appears relatively well preserved.

Figure 27 Time series of Rn222 in January 2006 ateDBilt, at three pressure levels (~
980, 900, 800 hPa).

Figure 28. Time series of Rn222 in January 2006 &tohenpeissenberg, at three pressure
levels (approx. 980, 900, 800 hPa).

Figure 29 Time series of Rn222 in January 2006 inghtral Africa, at the three pressure
levels (approx. 980, 900, 800 hPa).
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Figure 30 Time series of Rn222 in January 2006 atédimayer, at the three pressure
levels (approx. 980, 900, 800 hPa).

Figure 31 shows the initid®Rn mass increase for the different transport stiMass
change is zero at the end of this month, indicativeg **’Rn surface flux is in equilibrium
with the radio-active decay. The mass non-concenvatfter a one-month run is 3.3% of the
change due to the decay (see Table 1),. As distuisske previous section the artificial mass
gain is mostly located at regions with sharp spatiadients, i.e. near the surface and at the
top of the boundary layer. However, the correcteroval of mass is equally distributed over
the globe. Therefore concentrations near the stidaa be slightly higher in C-IFS compared
to TM5, whereas the opposite may hold at more renmtations and/or higher elevation
levels, as seen from Figure 26.

Because of the relatively short lifetime for thiader the concentration fields remain well
constrained, explaining the general good consigtdmetween TM5 and C-IFS in the
boundary layer as well as the free tropospherexpsessed by their mean concentrations and
temporal correlations. But as can be concluded filoendiscussion in the previous sections
these results cannot be generalized for other d#riiacers, whose responses to variations
in transport parameterizations is generally moraplcated.

Figure 31 Change in**Rn mass for the runs noMF&QM (redb), noMF&noQM (blu e),
MF&QM (green) and MF&noQM (light blue) over 60 days starting from zero
concentration. The constant mass after about 40 dayindicates that emissions as well as

artifical addition by the SLA scheme are compensatk by the chemical loss, which

implies that Rn?*?is in equilibrium.

7. Influence of temperature biases of forecast on glah ozone mass

A spin-up effect (Figure 32) was identified for ttmal ozone mass after the initialisation
with new meteorological data. The spin-up is chimr@sed by a systematic increase in the
globally integrated ozone mass in the first ha#f forecast and a less pronounced decrease

30



later. A similar spin-up problem was not found &ther species. The strength of the spin-up
effect varies with the length of the forecast. desis that the spin-up is a reaction of the
Cariolle-parameterisation of the stratospheric eztin systematic temperature biases in the
stratosphere. These temperature biases steadiBae with forecast length (Figure 33 top).
The increase after the initialisation is most lijkéHe adaptation by the Cariolle scheme to the
updated (shock-like decrease) stratospheric terperaat the forecast start (Figure 33
bottom). The slow decrease during the second hgliitthe a consequence of the more steady
temperature increase (model temperature bias)

Figure 32 Total ozone mass C-IFS forecast with diéfent lead time (10 days, 3 days, 30
days) over a period of 3 month.

Figure 33 Cross section of zonal-averaged differeadetween forecast start and forecast

lead of 3 (left), 6 (middle) and 9 days (right) fotemperature (top) and ozone (bottom)
derived from derived from 30 10day forecast.
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8. Recommendations for work on the advection scheme dmmass fixers

It was shown that the non-conservation of the SchAesne has a noticeable impact on the
simulated tracer fields. There is a need to bettelerstand the impact of the missing mass
conservation on the quality of the MACC analysesl éorecasts and on the chemical
interaction among the species. Measures to impmmags conservation in C-IFS are required.
The feasibility of implementing improvements to BeA scheme as described in section 2.3
should be explored. However, the specifics of Ik&hsas

(i) the reduced grid, (ii) the hybrid vertical cdarate system, (iii) the 3D approach for the
SLA and (iv) the horizontal domain decompositiowén@o be considered and may make the
implementation difficult and cause a degradatiorihef computational efficiency of C-IFS.
Further, it has to be ensured that the applicatibulifferent transport algorithms for the
meteorological variables and the tracer concentratproduces consistent results.

Within the current model system, not using the QMdtian for the interpolation is
recommended for species with surface emissions.appdication of the simple global mass
fixer should be considered for long-term simulasiovithout data assimilation.

It appears that the advection of species familegsl (redistribution into individual species
after transport) could lead to great improvememts NOx and related tracers. Family
advection means that the total sum of the nitrogmacies, which is a smoother field as its
components, is advected instead of the individoatgmonents. Where the chemical reactions
among family members are sufficiently fast, theristry scheme will automatically recover
a reasonable portioning. However, it will have o deen if additional partitioning code will
be necessary for situations when the chemical sicades are on the order of or longer than
the model time step (e.g. polar night or upper degheric conditions). Moreover, the
behaviour of chemical mechanism in the stratospkaold be carefully checked when a
family advection method is applied.

It should be explored if a relaxation of the QMilito a check of positivity to avoid negative
concentrations should become part of the SLA dhéf check for positive values should be
applied after the summation of the tendencies fatimprocesses.

It was shown that the non-conservation of the SchAesne has a noticeable impact on the
simulated tracer fields. There is a need to bettelerstand the impact of the missing mass
conservation on the chemical interaction among dpecies. Measures to improve mass
conservation in C-IFS are required. The feasiboitymplementing improvements to the SLA

scheme as described in section 2.3 should be explelowever, the specifics of IFS such as
() the reduced grid, (ii) the hybrid vertical edmate system, (iii) the 3D approach for the
SLA and (iv) the horizontal domain decompositiowén#o be considered and may make the
implementation difficult and C-IFS less efficiefurther, it has to be make sure that the
application of different transport algorithms fdret meteorological variables and the tracer
concentrations produces consistent results.

With the current setup, not using the QM option tlee interpolation is recommended for
species with surface emissions. The applicatiothefsimple global mass fixer should be
considered for long-term simulations without dagsimilation.

There is an urgent need to apply family advection NOx and related tracers. Family
advection means that the total sum of the nitrogacies, which is a smoother field as its
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components, is advected and the partitioning issdpnthe chemistry scheme. Moreover, the
behaviour of chemical mechanism in the stratospsieoelld be carefully checked.

It should be explored if a relaxation of the QMilito a check of positivity to avoid negative
concentrations should become part of the SLA @¢héf check for positive values should be
applied after the summation of the tendencies fatimrocesses.

The simple global mass fixer that was implementecC#IFS can remedy some problems
concerning tracer mass conservation, but theréasdanger of artificial re-distribution of
tracer mass. The implementation of mass fixers estgg by Priestley (1993) or Zerroukat
(2010) could be feasible without a large efforteTimplementation of the adaptation of the
adaptation of the interpolation scheme accordingaas (2008) might more demanding

The large differences between the tested SLA opt{eae chapter 4) indicate that the vertical
component of the transport contributes a lot to iiess error, however the current 3D
implementation of the IFS SLA scheme makes it dlifi to exactly quantify the vertical
transport and to separate its treatment from thizdrdal transport. A separation of the 2D
horizontal advection and the vertical advection M@llow for correction the mass per model
level and per model column which would limit thephgsical mass transfer of the mass fixer.
A flux-form treatment of the vertical transport wdumake it possible to exactly calculate
budgets separately for the stratosphere, troposptrethe PBL which also account for the
vertical transport.
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