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Summary  
As part of the MACC project, the Integrated Forecasting System (IFS) is being extended by 
modules for chemical conversion, deposition and emissions to account for the source and sink 
processes of trace gases. The successful application of the “Chemistry-IFS” (C-IFS) depends 
not only on the correct implementation of these new modules but also on the quality of the 
applied IFS advection scheme. The objective of this report is provide a first diagnostic of the 
mass conservation properties of the semi-Lagrangian advection (SLA) scheme of the IFS with 
respect to trace gases and to make suggestions for next steps in the C-IFS development. 

For this report, one-year simulations by C-IFS (T159L60) with and without (i) a global mass 
fixer and (ii) the quasi-monotonic interpolation of the SLA scheme were carried out and their 
mass-budget investigated. C-IFS was run with the carbon-bond-mechanism (CBM-4, 
Houweling et al. 1989) to represent tropospheric chemistry, a linear scheme (Cariolle and 
Teyssedre, 2007) for stratospheric ozone chemistry and a radon tracer. Further, 10-day 
forecasts of a tracer emitted in the upper troposphere by the Eyjafjalla volcano has been 
studied with respect to mass conservation.   

The mass error of the SLA scheme was species specific and systematic. The SLA scheme 
caused a systematic mass increase for most species, i.e. for those with surface emissions or a 
maximum close to the ground. For ozone and other species with a stratospheric maximum a 
systematic loss was found. The loss or gain per day ranged from 0.01% to 5% of the total 
burden and was a significant contribution to the global mass budget. An extreme case of the 
artificial mass gain was the volcano tracer, which showed an increase in total mass with 
respect to the emitted mass of about 20% and more. Nevertheless, for reactive species (which 
by definition experience relatively fast turnover rates) atmospheric chemical reactions and 
deposition counteract the systematic mass bias from transport so that concentrations reach a 
new dynamic steady state instead of showing a steady drift. The identification of the areas of 
the largest violation of the mass conservation remains uncertain because the current SLA 
scheme makes it difficult to accurately calculate mass budgets of sub-domains as this would 
require an exact quantification of the flux crossing the domain boundary.  

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

A global mass fixer (MF), which proportionally distributes the diagnosed mass loss/gain of 
the SLA over the whole domain has been implemented and thoroughly tested. The change in 
mass by MF is highest where the concentrations are high, which is often the area of higher 
gradients. The MF could fully correct the global mass loss/gain. The respective concentration 
patterns agreed mostly very well with those of the uncorrected simulation. Nevertheless, the 
mass fixer caused small but large-scale biases because it un-physically distributed mass from 
the areas of weaker gradients to the areas of stronger gradients. Examples of this artefact were 
a decrease of CO over the Arctic and a decrease of SO2 near the tropopause.  

A rather strong impact of the application of the mass fixer and the no-QM option was found 
for NOx and related nitrogen species which was most visible in the upper stratosphere, but 
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which also impacted the oxidizing capacity of the troposphere. This indicates problems of the 
SLA scheme near the strong and fast moving gradients at the terminator which are then 
amplified by an inadequate representation of stratospheric NOx chemistry by the tropospheric 
chemistry scheme.  

Despite the identified problems, the concentrations patterns of C-IFS were very similar to the 
ones of the TM5-CTM which uses a fully conservative advection scheme. This was shown in 
more detail by comparing  Rn222 simulation of C-IFS and TM5. A good agreement between 
the two simulations could be shown, which indicates that the mass-non conservations does not 
greatly deteriorate the concentration gradients on the considered time scales.  

For the current implementation of C-IFS it is recommended not to use the quasi-monotonic 
SLA (noQM) option for species with surface emission together with a general fix for negative 
concentrations. The use of the global mass-fixer with proportional changes in the whole 
domain is recommended for long-term simulations without data assimilation.  

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

·  Implement a family approach to advection of NOx to alleviate the problems with 
stratospheric NOx.  

·  Improve the mass-fixer to fix the mass predominantly in areas of the largest 
interpolation error as suggested by Williamson and Rasch (1994) or Zerroukat (2010). 

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

·  Consider implementing flux–form vertical advection or at least diagnostics to enable 
separate mass budget diagnostics for troposphere and stratosphere and to estimate 
cross-tropopause flux. 

·  Test the feasibility of the implementing the scaling of the interpolation weight as 
suggested by Kaas (2008) to ensure mass conservation. 

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

As part of the MACC project, the ECMWF’s Integrated Forecasting System (IFS) is extended 
to simulate processes of atmospheric chemistry on-line. The simulation includes transport by 
advection, convection and diffusion as well as chemical conversion, emission and wet and dry 
deposition of reactive gases. The extended IFS is referred to as C-IFS (Chemistry-IFS). C-IFS 
is meant to replace the coupled system IFS-CTM (Chemical Transport Model) at the end of 
the MACC-II project (proposal under review). As part of the coupled system, IFS uses 
tendency fields of source and sink processes, which are simulated by the coupled CTM 
(Flemming et al, 2009). C-IFS avoids the inconsistencies of IFS-CTM, such as the simulation 
of concentration fields and sources and sinks on different model grids using different 
transport algorithms. C-IFS has been shown to be computationally much more efficient than 
IFS-CTM.  

This report presents global mass diagnostics of the tracers in C-IFS. The objective is to 
investigate the error in tracer-mass conservation introduced by the semi-Lagrangian advection 
scheme (SLA), and to relate it to the strength of the source and sink processes of individual 
chemical species. C-IFS needs to be made sufficiently accurate for its main purposes, which 
are data-assimilation and short-term forecasting. A higher degree of mass conservation would 
be required for climate runs.  

SLA schemes do not account for the actual mass fluxes in and out of the model grid boxes. 
Therefore, mass is not conserved and it is difficult to locally correct mass fluxes to ensure 
conservation. This is a common problem for all atmospheric models that apply SLA schemes. 
SLA schemes are widely used because of their efficiency since the stability of the schemes 
makes it possible to apply a large time step.  

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

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

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

To correct the mass non-conservation, tracer-mass fixers have been suggested by several 
authors (e.g. Priestley, 1993, Williamson and Rasch, 1994, Schraner et al., 2008, and 
Zerroukat, 2010). Since only the global mass error can easily be diagnosed, the main 
difference between the mass fixers is how they spatially distribute the mass-error correction 
on to the model grid.  

A simple global mass fixer (MF) has been implemented in C-IFS, which globally scales the 
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mass mixing ratios to achieve global mass conservation. The highest absolute corrections are 
imposed where the concentrations are highest. It will be investigated to what extent the usage 
of MF changes the typical gradients.  

Details of the SLA scheme implementation may also play a role to what extent mass is 
conserved. The SLA of IFS applies a quasi-monotonic (QM) approach, which limits the range 
of the concentration changes due to advection. The QM approach is required to avoid 
negative concentrations but it may contribute to the lack of mass conservation.  

Because global mass budget diagnostic cannot validate the concentration patterns, comparing 
the C-IFS simulation to a reference model which uses a mass conserving advection is a 
further important test. It can be used to check if the global redistribution of mass by the mass 
fixer caused un-realistic concentration patterns. The comparison is, however, complicated by 
the fact that the differences in the concentration fields between C-IFS and the reference model 
can be caused by many factors of which the non-conservations is only one rather small aspect. 

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

The diagnostics of the global mass and the source and sink terms does not only help to 
identify the mass-conservation but can also be used to identify global mass drifts because of 
chemical imbalances, temperature drifts, adaptation to new emission data or biases in the 
deposition routine.  This analysis is not the main of focus of the report but we will present  
how changes in the transport scheme triggered different responses of the chemistry scheme.    

The remainder of the report will briefly recall the SLA scheme and the total mass budget 
calculation in section 2. Section 3 will present global mass diagnostics for C-IFS runs over a 
period of 13 month with different settings. A discussion of the resulting average cross-section 
is given in section 4. The mass conservation of a tracer released over 10 days by a volcano 
(Eyjafjallajokull) is analysed in section 5. The comparison of Rn222 experiments with C-IFS 
and TM5 is presented in section 6. The influence on temperature forecast biases on ozone will 
be discussed on section 7. Recommendation for future work on the SLA scheme is the content 
of section 8.  
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2. Overview of IFS Semi-Lagrangian advection scheme and mass 
diagnostics 

The semi Lagrangian advection (SLA) scheme was introduced in NWP systems to avoid the 
limiting CFL stability criterion of Eulerian transport methods. This renders the NWP system 
to perform forecasts with longer time steps.  

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

Rasch and Williamson (1990) and Machenhauer et al. (2008) define several quality criteria to 
characterize advections schemes of which the following were studied in this report: 

·  Conservation of mass 

·  Monotonicity (including being positive definite)  

·  Preservation of shape 

The re-positioning of particles by SLA requires an interpolation procedure, which does not 
assure mass conservation and monotonicity. On the other hand, mass conservation is a key 
quantity for the advection of chemically active tracers and the application of SLA schemes for 
tracer transport might be problematic. Tracer mass conservation is important for long term 
simulations but might be less of a problem for data assimilation which itself will change the 
mass according to observations and where the model is typically run only over shorter 
periods.  

It should however be emphasised that tracer conservation is only one aspect of the realism of 
the tracer simulations. The preservation of shapes is often tested by advecting artificial  tracer 
configurations such as the slotted cylinder(e.g. Hansen et al, 2010). In this report we consider 
the shape of realistic atmospheric profiles for different tracers.   

2.1. Implementation of the C-IFS advection scheme for tracers  
A detailed description of the implementation of the SL advection scheme can be found in the 
IFS documentations (http://www.ecmwf.int/research/ifsdocs/ Part 3 – Dynamics and 
Numerical procedures). Note that the SL advection scheme is used for the meteorological 
parameters as well as the chemical tracers.  

The SL advection scheme without considering the contribution 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-trajectory �  over 
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  
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 � ���� 
 � �
 � � � � ��� 

� 


�

� !

 

Monotonicity of the SL-scheme can optionally be requested by limiting � � � � � � � 	� 
  to the 

maximum and minimum of the ��� 

� 
  values, which is referred to as the ‘quasi-monotonic’ 

implementation of the SLA. It ensures that the interpolated values remain positive, but this 
approach may cause systematic biases close to sharp gradients.  

 The quasi bi-cubic scheme is a simplification of a bi-cubic scheme which reduces the number 
of neighbours from 64 to 32, and the computation from 21 one-dimensional cubic 
interpolations to 7 cubic plus 10 linear one-dimensional interpolations. The order of the 
interpolation in the vertical is reduced to linear when the evaluation point lies between the 
two highest or two lowest model levels, as extrapolation 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 greater influence 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 presented as mass mixing ratio � "
# at model level 

k and horizontal grid point j. The total mass is calculated by multiplication of the grid box 
mass which is given by the vertical extent of the grid box in pressure units and the grid box 
area A by the following formulae:  

$ � � % # � � "
# & �� ' " � ' "(! 
 � � � " � � "(! 
 & )*

#�

�+,-

" !

�.

�

# !

 

The vertical discretization of IFS applies a hybrid-sigma-pressure coordinate system which 

depends on the surface pressure ) *  in the lower parts of the atmosphere. The pressure values  
at the layer interfaces are calculated using a set of level dependent coefficients ' "  and � " .  

The total mass can change not only because of a change of � "
#  but also because of a change 

in the horizontal or vertical grid box size during advection. The vertical extend of a gribox (in 
pressure units) can be caused by vertical motion or by a change in the surface pressure, which 
would change the vertical discretization. A mass change because of the change in surface 
pressure would for example occur if a uniform tracer column was advected over raised 
orography. The total mass would change even if the tracer mass mixing ratios did not change 
in the individual grid boxes.  

 The equation for the total mass m can also be applied to obtain the contribution of source and 
sink terms by applying it to the respective tendencies. Global mass budget calculations for the 
following processes and diagnostics have been implemented in C-IFS: 

1. Total mass 

2. Surface emission source 

3. Lightning and air craft emissions 
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4. Dry deposition loss 

5. Wet deposition loss 

6. Total chemical contribution 

7. Mass non-conservation because of SL advection 

8. Mass change because of global mass fixer if applied    

9. Mass of negative concentrations  

10. Mass change because of negative concentration fix 

11. Mass non-conservations because of diffusion and convection 

12. Chemical loss because of photolysis in troposphere and stratosphere 

13. Chemical loss because of reaction with OH in troposphere and stratosphere 

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

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

A computational less expensive approach than the cell-integrated schemes which utilises the 
cell volumes was developed by Kaas (2008). The ratio of the volumes or areas (2D) of the 
arrival grid box and the grid boxes next to the departure point is used to scale the interpolation 
weights. Mass conservation is achieved by making sure that the sum of the contributions from 
each grid box towards the arrival boxes equals the mass in the grid box.   

Global mass fixers diagnose the global mass error and redistribute the gain/loss over the 
whole domain or specific model levels in the case of 2D SLA schemes. The amount of the 
mass-correction can vary spatially to account for the fact that the largest mass error can be 
expected in regions of large gradients. For example, Priestley (1993) and Zerroukat (2010) 
use the difference between a lower and higher-order interpolation scheme to determine the 
strength of the correction. Williamson and Rasch (1994) and Schraner et al. (2008) scale the 
correction according to the differences of the mass mixing ratio between departure and arrival 
point. All mass-fixer potentially redistribute mass in an “unphysical” way since they do not 
conserve mass locally. They do not differentiate between areas of mass gain and mass loss.   

The application of non-interpolating SLA schemes (Ritchie, 1986, Smolarkiewicz and 
Pudykiewicz, 1992) may help to improve the mass conservation properties. Non-interpolation 
schemes replace the interpolation of the departure point value from surrounding model grid 
points by a flux-form Eulerian advection operator, which conserves mass.  
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3. Global mass diagnostics for advected species in C-IFS  

3.1. Experiment setup 

A series of C-IFS simulations over a period of 13 months were made to quantify the mass 
conservation. The simulations consist of a sequence of 3 day forecasts. At the start of each 
forecast the meteorological fields are updated with the operational meteorological analysis. 
The concentration fields from the previous forecast are used as initial conditions for the 
chemical composition. All contributions to the global mass budget (1 – 13, see section 2.2) 
are calculated at each model time step (1h) and accumulated over the full period. The 
following experiment set-ups, which differ in the treatment of the SLA, are going to be 
discussed:  

·  no MF QM ( No Mass fixer applied, with quasi monotonic interpolation) 

·  MF QM (Mass fixer applied,  with quasi monotonic interpolation) 

·  MF no QM (Mass fixer applied,  without quasi monotonic interpolation) 

·  no MF no QM (no Mass fixer applied,  without quasi monotonic interpolation) 

The configuration “no MF QM” is the default setting as it has been used in all IFS 
experiments including adverted tracer within the projects GEMS and MACC, i.e. for the CO2, 
Methane, Rn, SF6, Aerosols and global reactive gases O3, CO, NOx, SO2 and HCHO.   

All experiments with C-IFS were run at T159 spectral resolution on 60 hybrid-sigma levels. 
The model top was at 0.1 hPa. C-IFS uses the CBM4 tropospheric chemistry scheme and 
photolysis-rate calculation of TM5 as described in Huijnen et al., 2010. C-IFS applies pre-
calculated dry deposition velocities as used in TM5 and a wet deposition routine which is a 
combination of the Harvard GMI (Jacob et al. 2000) scheme and the IFS scheme implemented 
for aerosol (Morcrette et al. 2008)  Stratospheric ozone chemistry is simulated with the linear 
scheme of Cariolle and Teyssedre (2007). The tendencies of stratospheric ozone are blended 
in with the tendencies of the troposphere at the pressure of about 120-100 hPa in the tropics 
and at about 250-240 hPa in the extra-tropics. HNO3 concentrations are prescribed at 10hPa 
by a climatological ratio of HNO3/O3, based on UARS MLS satellite observations. 
Concentrations of remaining trace gases in the stratosphere are subject to tropospheric 
chemistry. 

 

Figure 1 Coupling between the stratospheric ozone chemistry scheme (above solid blue 
line) and the tropospheric chemistry CBM4 (below dashed blue line).  The tendencies of 
both schemes are averaged in the transition zone. Further shown is an older version of 
the coupling (above/below 200 hPa, dashed red line) and the average height of the 
interface in TM5 for various months, based on the zonal mean 150 ppbv O3 level.    
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3.2. Contribution of source and sink terms to budget 
Table 1 contains the budget of all advected species of the CBM4 mechanism 31 species after 
a simulation of 1 year for the base case (no_MF_QM). It contains the total burden and the 
mean contributions of the chemical conversion, emissions, wet and dry deposition, the 
correction of negative values and the non-conservative SL scheme in relation to the total mass 
for 24 hours. The non-conservation (SLA residual) has been quantified by the mismatch of 
the contributions of the source and sink terms and the diagnosed change in total mass at every 
time step (1h).  

The concentrations have reached an quasi-equilibrium state because the contributions of the 
different source and sink terms more or less compensate each other. The relative changes 
included in Table 1 identify the importance of each source and sink term on a global scale. 
One should note that in contrast to the emissions and deposition terms, the chemistry 
contribution is the summary of chemical gain and loss and therefore a small global chemistry 
contribution does not mean that chemical conversion is not an important process for the 
respective species. This is in particular valid for NOx and for ozone, which is not emitted. 
Note that the global ozone budget is mainly determined by the stratosphere so that deposition 
only appears as a small term, even though this can be very relevant for reproducing ozone 
surface concentrations. 

The fix of negative concentrations is negligible for all species apart from NO, and related 
species such as NO3 and N2O5, as well as for NH3 and Isoprene. The reason for the negativity 
of the values is in principle not directly related to the advection scheme but caused by the 
operator splitting between emissions injection, diffusion and very rapid chemical conversion. 
More analysis is needed to find a solution for this problem.  

To further demonstrate the global contributions of the source and sink terms Figure 2 shows 
the temporal development for O3, CO, NO2, NO, SO2 and Rn. The average change in global 
mass is the consequence of source and sink contributions of about the same strength. When 
averaged over a long period the source contribution only varies on a seasonal time scale 
which leads to an approximately linear increase if accumulated. Chemical species that are 
strongly influenced by photo-chemistry often show a diurnal cycle in the global chemistry 
contribution. The effective mass change is small for all species compared to the size of the 
individual source and sink terms. However, the mass non-conservation (RESIDUAL) is often 
of the same order of magnitude as the global mass change, which makes this a considerable 
contribution to the mass change of several compounds. More details on the size of the mass 
non-conservation are provided in section 3.3.  

The development of the mass budget for ozone (Figure 2 a) differs in two important aspects 
from the other species. The mass non-conservations leads to a negative contribution which is 
of the same magnitude as the dry deposition, and the contribution from the chemical 
production decreases with increasing forecast time. This consequently results in a mass 
change that varies with increasing forecast time. The latter feature is not related to the 
advection scheme but could be attributed to increasing biases in temperature as described in 
section 7.  
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Table 1 Global mass diagnostics for species advected by C-IFS (TM5) from a one-year 
simulation. Mass: global burden in Tg, Chem, WetDep, DryDep, Emis, Negfix: average 
change per day scaled to total burden [%] because of chemistry, wet and dry deposition, 
emissions and correction of negative concentrations, respectively. noMC is the global 
mass error (i.e. non-conservation) because of the SLA scheme per day scaled to total 
burden or the maximum source/sink term (Max(SS) [%]). 
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Figure 2 Global mass budget component surface emissions (EMIS_FLX), 
atmospheric emissions (EMIS_ATM), dry deposition (DDEP_FLX), wet deposition 
(WDEP_FLUX), chemical conversion (CHEM_TND), mass change  (MASS_CHG) 
and the error introduced by the SL advection scheme (RESIDUAL)  for O3 (a), CO 
(b), NO2(c), NO(d), SO2 (e) and Rn(f) over 240 h (derived from 36 forecast).  

 

3.3. Quantification of global non-conservation by SL transport scheme with 
and without using quasi-monotonic interpolation.  

As shown in Table 1 the mass non-conservation is a serious problem of the SL advection in 
C-IFS. For the default setting (no MF QM) the amount of spurious mass changes are in the 
order of 0.01 to 6 % (see Figure 3) of the total tracer mass per day or in the range of 1 to 50% 
of the global contribution of the largest sink or source term. Figure 4 shows the same 
information but the mass error is accumulated over 365 days. This accumulated value is a 
significant proportion of the total mass. For instance, if there were no source and sink terms 
the total burden of ozone would have been reduced to 25% after a one-year simulation; for 
Isoprene the initial value would have been increased about 10 times. The amount of the mass 
error is very variable and species dependent. The mass-conservation error can be 
characterised as follows: 

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

·  Most species, i.e. with surface emissions or a maximum close to the surface 
experience a systematic mass increase.  
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·  O3, O3S (stratospheric ozone), HNO4, H2O2, CH3OOH, i.e. tracers without surface 
emission and without a maximum close to the surface experience a systematic mass 
loss.  

The mass non-conservation acts for most species as a constant additional source or sink 
whose spatial distribution is not known. It can be speculated however that the violation of the 
tracer mass conservation occurs especially at the co-location of strong gradients in mixing 
ratios and certain prevailing 3D wind patterns. The strongest vertical and horizontal gradients 
of the species showing an increase occur in the boundary layer over land whereas the 
stratospheric ozone has strongest gradients at the tropopause. In the regions of large gradients 
the interpolation error at the departure point is likely to be larger, and systematic, as 
concluded from the systematic loss of the species.  

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

The quasi-monotonic option had an impact on the total mass of the species. This is caused by 
the change in the mass-conservation properties, the need for negative fixes but also by the 
chemical interaction between the species. Figure 7 shows the ratio between the average total 
mass with and without using QM. For most of the species the total mass was slightly lower by 
about 2-8% because the noQM options decreased the amount of the mass gain. A lower mass 
of about 2% was also diagnosed for O3 and O3S because the noQM option increased the 
absolute value of the mass loss. The increases in total mass by 2-5 % of NO, NO2, N2O5 and 
DMS cannot easily be explained by direct changes in the conservation properties. It has to be 
assumed that they are a consequence of chemical interaction with other species.   

The changes in the total mass were always significantly smaller than the accumulated amount 
of the mass-non-conservation. This is a clear sign that a large proportion of the mass error 
introduced by the SLA scheme is compensated by adaptation of the physical source and sink 
terms. 

 

 

 



 

Figure 3 Mass non-conservation over 24 hours in relation to total tracer mass (in %) for 
31 tracers of C-IFS.  

 
 

 Figure 4 Mass non-conservation over 365 days (absolute) in re
for 31 tracers of C-IFS (y-axis in log scale). 

 
 

Figure 5 Relative improvement of absolute mass error of SLS scheme with no Quasi
Monotonicity (QM) with respect to the default setting with QM. Positi
improvement, 100% corresponds to “no mass error”. Columns in light
change in sign of the mass error.   
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Figure 6 Ratio (%) between increase in negative concentration (mass) and improvement 
in mass conservation by not using the QM option of the SLA scheme. Positive values 
below 100% indicate a smaller increase in added mass to fix negative concentrations 
than improvement in mass conservation. Values below one indicate a smaller increase in 
negative mass than the respective improvement. 

Figure 7 Ratio (%) between the total mass with and without using the QM option of the 
SLA scheme. Values below 100% indicate a smaller total mass when not using the QM 
option.  

3.4. Evaluation of a global mass fixer
The global mass fixer as described in section 
noQM which did or did not use the QM interpolation option. The global mass fixer is applied 
directly after the SLA routine and does not make use of the information for the calculation of 
the mass residual, i.e. the difference between the change in total mass and the contributions 
from the source and sink terms. It only evaluates the total mass before and after SLA and 
corrects the mass after SLA 

The application of the global mass fixer did reduce the SLA mass error to a large extent, i.e. 
by 1 to 3 orders of magnitude (see 
QM option because for these runs the SLA mass error was higher (see chapter 
change in the total burden with the application of the mass fixer was mostly larger with the 
QM option than without the QM option because of the mostly larg
case of QM. The difference in total burden was about 1% without QM and in the range up to 
5% lower with QM.  

The application of the mass fixer led to a smaller total burden except for O3S and 
The fact that the total burden 
error (O3, HNO4 and H2O2) might be related to the chemical interaction with other species, in 
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mass than the respective improvement.  

Ratio (%) between the total mass with and without using the QM option of the 
SLA scheme. Values below 100% indicate a smaller total mass when not using the QM 

a global mass fixer 
The global mass fixer as described in section 2.2 has been applied in runs MF QM and MF 
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has been applied in runs MF QM and MF 
noQM which did or did not use the QM interpolation option. The global mass fixer is applied 

tine and does not make use of the information for the calculation of 
the mass residual, i.e. the difference between the change in total mass and the contributions 
from the source and sink terms. It only evaluates the total mass before and after SLA and 

The application of the global mass fixer did reduce the SLA mass error to a large extent, i.e. 
). The reduction was stronger for the runs with the 

se for these runs the SLA mass error was higher (see chapter 3.3). The 
change in the total burden with the application of the mass fixer was mostly larger with the 

er SLA mass-error in the 
case of QM. The difference in total burden was about 1% without QM and in the range up to 

The application of the mass fixer led to a smaller total burden except for O3S and CH3OOH. 
did not increase for the other species with a negative SLA mass 

) might be related to the chemical interaction with other species, in 



 

particular to NOx, which showed large differences in total burden for the different settings 
QM and MF.  

An exception of the small changes in total mass was found for NO and related species such as 
NO2, HNO3 and N2O5. For these species an reduction in global mass could be found to 50
70% of the value without mass fixer in the case of QM (MF QM), which 
sensitivity of the chemical equilibrium state to the transport settings. 
development of the total NO burden for the one
options apart from MF QM show an continuous increase in NO from about 0.3 to 0.6 Tg, and 
a similar increase could be found for NO
indicate that for these species the artificial mass increase by the SLA scheme is significant 
contribution to the budget which is not compensated by chemical reactions. An other 
explanation would be that the unphysical spatial transfer of  NO by the mass fixer introduced 
a different chemical regimes which favoured a lower NO
spatial patterns will be discussed in the section 

In summary, the advection with the SLA of NO and NO
the strong gradients, especially at the terminator. A family approach to advection 
recommended.  

  

Figure 8 Ratio of SLA mass error with and without global mass fixer for QM (blue) and 
no QM (red)   

Figure 9 Ratio of total mass with mass
SLA option QM (blue) and no QM (red). 
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particular to NOx, which showed large differences in total burden for the different settings 

An exception of the small changes in total mass was found for NO and related species such as 
. For these species an reduction in global mass could be found to 50

70% of the value without mass fixer in the case of QM (MF QM), which 
sensitivity of the chemical equilibrium state to the transport settings. Figure 
development of the total NO burden for the one-year simulation with the different options. All 

show an continuous increase in NO from about 0.3 to 0.6 Tg, and 
a similar increase could be found for NO2, HNO3 and N2O5. The strong increase in NO
indicate that for these species the artificial mass increase by the SLA scheme is significant 

ution to the budget which is not compensated by chemical reactions. An other 
explanation would be that the unphysical spatial transfer of  NO by the mass fixer introduced 
a different chemical regimes which favoured a lower NOx burden.  The differences in t
spatial patterns will be discussed in the section 4.  

In summary, the advection with the SLA of NO and NO2 seems very problematic because of 
the strong gradients, especially at the terminator. A family approach to advection 

Ratio of SLA mass error with and without global mass fixer for QM (blue) and 

Ratio of total mass with mass-fixer applied to total mass without mass fix
SLA option QM (blue) and no QM (red).  

particular to NOx, which showed large differences in total burden for the different settings 

An exception of the small changes in total mass was found for NO and related species such as 
. For these species an reduction in global mass could be found to 50-

70% of the value without mass fixer in the case of QM (MF QM), which points to a high 
Figure 10 shows the 

year simulation with the different options. All 
show an continuous increase in NO from about 0.3 to 0.6 Tg, and 

. The strong increase in NO2 could 
indicate that for these species the artificial mass increase by the SLA scheme is significant 

ution to the budget which is not compensated by chemical reactions. An other 
explanation would be that the unphysical spatial transfer of  NO by the mass fixer introduced 

burden.  The differences in the 

seems very problematic because of 
the strong gradients, especially at the terminator. A family approach to advection is 

 

Ratio of SLA mass error with and without global mass fixer for QM (blue) and 

 

fixer applied to total mass without mass fixer for 
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Figure 10 Development of total NO mass over a one-year simulation with different 
options for mass fixer and QM.  

 

4. Difference in spatial patterns because of QM and mass fixing (MF) 
option for ozone, O3S, CO, NOx, Rn and SO2. 

Applying the mass fixer globally implies redistributing tracer mass in a non-physical way. 
Artificial mass increase or decrease by the SLA scheme in critical areas with strong gradients 
(e.g. tropopause, terminator in the stratosphere or polluted areas over biomass burning 
regions) would cause an artificial compensation at the global scale, which could lead to 
systematic biases in large areas. So far, only the global budget has been considered. In this 
section cross section of zonal average concentrations are compared for the different setting of 
the SLA scheme for Ozone, O3S, CO, Rn, NO and NO2 for the middle of the simulation 
period,  i.e. in June 2007 (Figure 12 – Figure 17). O3S and Rn are species which do not 
chemically interact with other species, which makes it easier to relate the identified 
differences to the transport scheme.  Figure 11 shows the latitudinal distribution of the partial 
columns for the troposphere and the stratosphere, giving an overview of the differences 
between the various transport settings. Apart from NO and NO2, the changes of the average 
fields because of the mass fixer (MF) and not using quasi-monotonic interpolation (noQM) 
were in the range of  5-10 %. Tropospheric NOx concentrations varied substantially, within a 
range of 10%, directly impacting the oxidizing capacity of the model. Much larger changes in 
NOx occurred in the upper stratosphere and above, which indicates a very sensitive feedback 
between the transport scheme, in particular its limitation on maximum values, and the 
chemical scheme.  

The application of the mass fixer (MF&QM) with respect to the base case (noMF&QM) 
caused mostly a decrease in the whole model domain (CO, Rn, SO2). For radon the increase 
was more or less proportional to the average concentrations. There is a general decrease, 
which is only a fraction of absolute concentrations.  For CO and SO2 the largest decrease did 
not occur close to the areas of the emissions but in the polar troposphere (CO) and the 
tropopause (SO2). Likewise the largest increase for O3 and O3S did not occur in the area of 
the highest mass mixing ratios in tropical stratosphere but in the mid-latitudes and the polar 
regions. It is difficult to determine to what extent this response to the mass fixer can be 
attributed to the interaction with other species, the changes in the transport patterns because of 
the application of the mass fixer or the response by the source and sink processes. The 
patterns of O3 (Figure 12) and O3S (Figure 13) were very similar, which leads to the 
conclusion that the large differences are not caused by the chemical interaction with other 
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species such as NO. The increase in troposheric ozone because of the application of the mass 
fixer was in the order of 1 ppb.       

Not using the QM option had a more localised impact than the application of the global mass 
fixer. It decreased the values in the areas of the highest concentrations of CO, Rn and SO2.  
Further, the presence of sharp gradients at the PBL top (Rn) and at the tropical tropopause 
(CO, SO2 O3, O3S) caused larger differences in comparison with the base run. noQM led to 
higher values for CO and SO2 and lower values for O3 and O3S at the tropical tropopause 
whereas the ozone values were higher above the stratospheric ozone maximum. A dipole 
pattern at the tropical tropopause suggests that not using QM decreased the downward mass 
flux of ozone across the tropopause. Tropospheric ozone and O3S decreased  because of not 
using QM by 1-2 ppb.  

Using the mass fixer without application of QM (MF&noQM) lead to similar responses as 
(noMF&noQM) for CO, Rn and SO2 but not for O3 and O3S. This can be understood by the 
fact that for most species the noQM option improved to a large extent the SLA mass error as 
shown in section 3.3.  Only for ozone noQM did not improve the mass conservation. The 
change in extra-tropical stratospheric ozone as seen in the case MF&QM was more 
pronounced for MF&noQM. For noQM an O3 decrease was found at the tropical troposphere. 
The increase introduced by the mass fixer prevailed in the extra-tropical troposphere, where 
values increased in the order of 1 ppb 
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Figure 11 Zonal, monthly mean partial columns for June in troposphere (solid lines) and 
stratosphere (dashed lines), for the runs noMF&QM (black), 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 in June after 6 month simulation (no 
mass-fixer and quasi-monotonic interpolation - noMF QM, 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 (Ozone with 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 SO2 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, right) 

 

 

Figure 15 Cross section of zonal mean of NO 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, right) 
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Figure 16 Cross section of zonal mean of CO 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, right) 

 

Figure 17 Cross section of zonal mean of Rn (1.0e-18 kg/kg) 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, right) 
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Figure 18 Cross section of zonal mean of NO2 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, right) 

 

5. Mass conservation of a volcano tracer 
The advection of an volcano plume is a difficult task for an SLA scheme because of (i) the 
associated sharp vertical and horizontal gradients, (ii) the location of the plume close to the 
tropopause and (iii) the rather coarse vertical resolution of C-IFS in the free troposphere. The 
advection of a volcano plume is an extreme case and therefore a good example showing the 
properties of the SLA scheme.  

For the volcano case four 10-days simulations of an eruption at the Eyjafjallajokull in 
T159L60 resolution using the options noMF&QM (IFS default), noMF&noQM, MF&QM 
and MF&noQM without the simulation of any sink processes have been carried out. The 
simulations were started at 0.00 UTC  on the 15.April 2010 assuming a constant source 
strength of 1000kg/s in the range between 5 to 8km. The assumed values for emission 
strength and source height are in-line with estimates of the real eruption of  Eyjafjallajokull 
which started 6.00 UTC on 14th of April 2010. 

Figure 19 shows the increase in tracer mass as function of forecast length and the 
accumulated emissions. Without any other source and sink processes, the mass increase and 
the accumulated emissions should be always of the same value. A strong artificial increase in  
tracer mass, caused by the non-conservations of the SLA scheme, was found for the case 
noMF&QM which is the default setting of IFS. This finding is consistent with the results for 
the chemical tracers with emissions which also showed an artificial increase in mass, but of a 
much smaller extent (see Figure 3). Using the mass fixer (MF) fixed the mass error and not 
using the QM option, both with and without MF, improved also greatly the mass 



 

conservation. A more detailed
Figure 20. It shows a time series of 
normalised with the emissions
scheme varied with time and ranged 
run using the QM option. Without the QM option
but it was much more centred around the line representing correct mass conservation, which 
led to the much improved overall 

The impact of the different SLA option on the plume shape (total columns) after 24 and 240 h 
is shown in Figure 21 and 
plume concentrations along the plume
conservation, the plume shape is similar 
occurred. The mass fixer w
overall downscaling of the higher values for MF&QM in comparison of the default case 
noMF&QM, which showed the large mass error. An advantage of using 
fixer for an volcano plume is that only the plume area is effected. The impact of noQM 
more visible on the plume edges, which 
tendency to lead to too high values in the upwind direction.    

The results presented were derived from a single case. 
plume forecasts on other d
investigation of the SLA mass error for different flow situations might be worthwhile. 

 

Figure 19 Increase in total tracer mass (Mt) 
emitting 1000 kg/s between 
different options of the SLA scheme: noMF&QM (IFS default), MF&QM, MF&noQM 
and noMF&noQM as well as 
simulated.  

 

Figure 20 Ratio in % between the SLA mass error and 
the last 6 h for the 240 h tracer plume 
without the QM option. A value of zero indicat
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conservation. A more detailed depiction of the mass error without mass fixer is given in 
time series of the artificial mass change (accumulated over 6 hours) 

normalised with the emissions for the 10 day forecast period.  The mass error of the SLA 
scheme varied with time and ranged from 20% to 80% of the corresponding emissions 

g the QM option. Without the QM option, the variability of the SLA error was similar 
but it was much more centred around the line representing correct mass conservation, which 

overall mass conservation. 

SLA option on the plume shape (total columns) after 24 and 240 h 
and Figure 22. Additionally, Figure 23 shows cross sections of the 

plume concentrations along the plume axis after 24 h. Not withstanding the errors in mass 
the plume shape is similar for all configurations and no obvious artefacts 
mass fixer works proportional to the concentration values which leads to a

the higher values for MF&QM in comparison of the default case 
noMF&QM, which showed the large mass error. An advantage of using a proportional
fixer for an volcano plume is that only the plume area is effected. The impact of noQM 

plume edges, which had smaller values. The QM option seems to have a 
tendency to lead to too high values in the upwind direction.     

The results presented were derived from a single case. Checking of the mass conservation for 
days confirmed the findings presented here. A 

investigation of the SLA mass error for different flow situations might be worthwhile. 

Increase in total tracer mass (Mt) caused by a point source (63.63°N, 
between 5 and 8 km (model levels 39-33) over 240 h

different options of the SLA scheme: noMF&QM (IFS default), MF&QM, MF&noQM 
as well as the accumulated emissions. No sinks processes have been 

Ratio in % between the SLA mass error and the single point 
6 h for the 240 h tracer plume simulation without mass fixer (noMF) and with or 

A value of zero indicates perfect mass conservation. 

depiction of the mass error without mass fixer is given in 
(accumulated over 6 hours) 

.  The mass error of the SLA 
of the corresponding emissions for the 

the variability of the SLA error was similar 
but it was much more centred around the line representing correct mass conservation, which 

SLA option on the plume shape (total columns) after 24 and 240 h 
shows cross sections of the 

axis after 24 h. Not withstanding the errors in mass 
and no obvious artefacts 

orks proportional to the concentration values which leads to an 
the higher values for MF&QM in comparison of the default case 

a proportional mass 
fixer for an volcano plume is that only the plume area is effected. The impact of noQM was 

smaller values. The QM option seems to have a 

the mass conservation for 
. A more systematic 

investigation of the SLA mass error for different flow situations might be worthwhile.          

 

63.63°N, -19.6°W) 
33) over 240 hours with 

different options of the SLA scheme: noMF&QM (IFS default), MF&QM, MF&noQM 
. No sinks processes have been 

 

the single point emissions over 
without mass fixer (noMF) and with or 

es perfect mass conservation.  
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Figure 21 Total column of tracer mass (1.0e-7 kg/m2) after 24 h emitted from a point 
source (63.63°N, -19.6°W) at rate of 1000kg/s in the vertical range from 5-8km (model 
levels 39-33) using the following options of the SLA scheme: noMF&QM (IFS default), 
MF&QM, MF&noQM and noMF&noQM. 

 

Figure 22 Total column of tracer mass (1.0e-7 kg/m2) after 240 h, see Figure 21. 
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Figure 23 Cross section of the volcano plume (1.0e-10kg/kg) after 24 h along the plume 
centre (63.64N,19.6W to 56.32N,15.79E) . The vertical axis is pressure in hPa. 

 

6. Tracer Experiments with 222Rn and comparison with TM5 
 
To evaluate the impact of tracer transport scheme the (online) tracer fields in C-IFS 
(MF&QM)  are  compared to results from an offline system, in this case the chemistry 
transport model TM5. However, as chemistry modules between TM5 and C-IFS differ in 
many respects, we cannot disentangle effects from transport with other parameterizations.  

Only the 222Rn tracer which is a radio-active tracer with a lifetime of a few days can 
reasonably well be used for this purpose. Its modeled concentration therefore does not depend 
on anything else but emission, radio-active decay and transport. Radon surface fluxes are 
identical in the two runs, according to Schery (2004) (see  Figure 24). Only over land masses 
222Rn is emitted. Largest emission fluxes are found in the tropics. In C-IFS emissions are 
introduced as surface fluxes and are part of the diffusion scheme. In TM5 they are introduced 
separately by adding mass at the surface level every computational time step. Decay-rates are 
identical in TM5 and C-IFS. 
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Figure 24 Prescribed emission flux of Rn222 

A more comprehensive comparison of the model results with observations would have to put 
more emphasis on the correctness of the emission inventory. For the purpose of this report it 
was sufficient to compare the concentration patterns between C-IFS and TM5. C-IFS runs on 
a T159L60 resolution (i.e. approx 1.25 degree) whereas TM5 runs on with a spatial resolution 

of 3° x 2° lon x lat, with 91 levels. Both systems use meteorological data derived from the 
operational forecasts.  

Figure 25 shows the area-averaged profiles of 222Rn in the troposphere, over the extra-tropical 
NH and tropics.  A good match between the offline and online system is obtained. Profiles 
over Southern Africa (Figure 26) at 0UTC and 12UTC illustrate that the increase in boundary 
layer height during daytime is very similar between both runs. Only at altitude levels between 
600 hPa and 200 hPa C-IFS contains up to ~20% less Radon compared to TM5.  

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

Figure 25 shows the area-averaged profiles of 222Rn in the troposphere, over the extra-tropical 
NH and tropics.  A good match between the offline and online system is obtained. Profiles 
over Southern Africa (Figure 26) at 0UTC and 12UTC indicate that also on a more local scale 
the concentrations remain similar. Only at altitude levels between 600 hPa and 200 hPa C-IFS 
contains up to ~20% less Radon compared to TM5.  

 

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

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

 

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

 

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

 

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



 30

 

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

 
Figure 31 shows the initial 222Rn mass increase for the different transport settings. Mass 
change is zero at the end of this month, indicating that 222Rn surface flux is in equilibrium 
with the radio-active decay. The mass non-concervation after a one-month run is 3.3% of the 
change due to the decay (see Table 1),. As discussed in the previous section the artificial mass 
gain is mostly located at regions with sharp spatial gradients, i.e. near the surface and at the 
top of the boundary layer. However, the corrective removal of mass is equally distributed over 
the globe. Therefore concentrations near the surface can be slightly higher in C-IFS compared 
to TM5, whereas the opposite may hold at more remote locations and/or higher elevation 
levels, as seen from Figure 26. 

Because of the relatively short lifetime for this tracer the concentration fields remain well 
constrained, explaining the general good consistency between TM5 and C-IFS in the 
boundary layer as well as the free troposphere, as expressed by their mean concentrations and 
temporal correlations. But as can be concluded from the discussion in the previous sections 
these results cannot be generalized for other chemical tracers, whose responses to variations 
in transport parameterizations is generally more complicated. 

 

 

Figure 31 Change in 222Rn 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 days indicates that emissions as well as 
artifical addition by the SLA scheme are compensated by the chemical loss, which 
implies that Rn222 is in equilibrium. 

 

7. Influence of temperature biases of forecast on global ozone mass 
A spin-up effect (Figure 32) was identified for the total ozone mass after the initialisation 
with new meteorological data. The spin-up is characterised by a systematic increase in the 
globally integrated ozone mass in the first half the forecast and a less pronounced decrease 
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later. A similar spin-up problem was not found for other species. The strength of the spin-up 
effect varies with the length of the forecast. It seems that the spin-up is a reaction of the 
Cariolle-parameterisation of the stratospheric ozone to systematic temperature biases in the 
stratosphere. These temperature biases steadily increase with forecast length (Figure 33 top). 
The increase after the initialisation is most likely the adaptation by the Cariolle scheme to the 
updated (shock-like decrease) stratospheric temperature at the forecast start (Figure 33 
bottom). The slow decrease during the second half might be a consequence of the more steady 
temperature increase (model temperature bias)   

 

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

 

 

Figure 33 Cross section of zonal-averaged difference between forecast start and forecast 
lead of 3 (left), 6 (middle) and 9 days (right) for temperature (top) and ozone (bottom) 
derived from derived from 30 10day forecast.   
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8. Recommendations for work on the advection scheme and mass fixers  
 
It was shown that the non-conservation of the SLA scheme has a noticeable impact on the 
simulated tracer fields. There is a need to better understand the impact of the missing mass 
conservation on the quality of the MACC analyses and forecasts and on the chemical 
interaction among the species. Measures to improve mass conservation in C-IFS are required. 
The feasibility of implementing improvements to the SLA scheme as described in section 2.3 
should be explored. However, the specifics of IFS such as  
(i) the reduced grid, (ii) the hybrid vertical coordinate system, (iii) the 3D approach for the 
SLA and (iv) the horizontal domain decomposition have to be considered and may make the 
implementation difficult and cause a degradation of the computational efficiency of C-IFS. 
Further, it has to be ensured that the application of different transport algorithms for the 
meteorological variables and the tracer concentrations produces consistent results.  

Within the current model system, not using the QM option for the interpolation is 
recommended for species with surface emissions. The application of the simple global mass 
fixer should be considered for long-term simulations without data assimilation.  

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

It should be explored if a relaxation of the QM limit to a check of positivity to avoid negative 
concentrations should become part of the SLA or if the check for positive values should be 
applied after the summation of the tendencies from all processes.  

It was shown that the non-conservation of the SLA scheme has a noticeable impact on the 
simulated tracer fields. There is a need to better understand the impact of the missing mass 
conservation on the chemical interaction among the species. Measures to improve mass 
conservation in C-IFS are required. The feasibility of implementing improvements to the SLA 
scheme as described in section 2.3 should be explored. However, the specifics of IFS such as 
(i) the  reduced grid, (ii) the hybrid vertical coordinate system, (iii) the 3D approach for the 
SLA and (iv) the horizontal domain decomposition have to be considered and may make the 
implementation difficult and C-IFS less efficient. Further, it has to be make sure that the 
application of different transport algorithms for the meteorological variables and the tracer 
concentrations produces consistent results. 

With the current setup, not using the QM option for the interpolation is recommended for 
species with surface emissions. The application of the simple global mass fixer should be 
considered for long-term simulations without data assimilation.  

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

It should be explored if a relaxation of the QM limit to a check of positivity to avoid negative 
concentrations should become part of the SLA or if the check for positive values should be 
applied after the summation of the tendencies from all processes. 

The simple global mass fixer that was implemented in C-IFS can remedy some problems 
concerning tracer mass conservation, but there is the danger of artificial re-distribution of 
tracer mass. The implementation of mass fixers suggested by Priestley (1993) or Zerroukat 
(2010) could be feasible without a large effort. The implementation of the adaptation of the 
adaptation of the interpolation scheme according to Kaas (2008) might more demanding 

The large differences between the tested SLA options (see chapter 4) indicate that the vertical 
component of the transport contributes a lot to the mass error, however the current 3D 
implementation of the IFS SLA scheme makes it difficult to exactly quantify the vertical 
transport and to separate its treatment from the horizontal transport. A separation of the 2D 
horizontal advection and the vertical advection would allow for correction the mass per model 
level and per model column which would limit the unphysical mass transfer of the mass fixer. 
A flux-form treatment of the vertical transport would make it possible to exactly calculate 
budgets separately for the stratosphere, troposphere or the PBL which also account for the 
vertical transport.  
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