We thank Dr. Nick Savage and the anonymous revi@Jfer their review. Please find in this
document the response to the reviews and a veo$ithe manuscript with marked changes.

Johannes Flemming

Response to the review from Dr. Nick Savage

We would like to thank Nick Savage for his reviefaoar paper and respond in the following way.
The reviewers comments are put in italics. Suggestanges to the text are given in quotation marks.

Title Please include the version of the IFS usetthéntitle of the paper as required by
GMD (CY40r1)

We would prefer not to the cycle number of the ifr&e title of the paper because the IFS
cycles (of which there are about 2 - 3 per yedigcethe development of the NWP code but
are not yet linked to the development of the chesnimodules. The current chemistry
scheme has been used for a several IFS cycleghk iplan to introduce a proper version
naming convention for the chemistry modules in@logpernicus Atmosphere Monitoring
Service.

Section 2.2 How large an impact does the correabiomegative MMRs have on the
budget of transported species?

Negative interim MMR can occur because of the chageerator splitting and lack of
implicitness in the parameterisations and numegoblers. They occur more often when a
large time step is chosen. Using the Quasi-monotopiion for the Semi-Lagrangian
Advection scheme avoids negative concentratiors #fe advection but quasi-monotonic
restricting of the interpolation result is equivaléo a negative fix.

To answer the questions of the magnitude of théofishemical zero, we compared the source
because of the chemical zero fixer to the large#tefour global sink and source terms
(emission, dry and wet deposition, chemistry). thermajority of the species the contribution
was below 0.1% .

The negative fixer source was in the order of 1#nftvogen species such as NG\ as

well as up to 3% for highly soluble species suchddNHO,, NO3_A. We suspect that areas
of large gradients such as the NfDemistry at the terminator in the stratospheneelsas
intensive wet deposition are the reasons for tleel e apply the negative fixer under these
circumstances.

Section 2.3 Are the biogenic emissions calculatat MEGAN offline and read from
a file or is MEGAN used online?

The MEGAN biogenic emissions were calculated aféland accumulated in monthly
means. We plan to use on-line calculated valuésariuture. We will change the text as
follows:



“The biogenic emissions were simulated off-linethy MEGANZ2.1 model (Guenther et al.,
2006). The anthropogenic and natural emissions u&rd as monthly means. Daily Biomass

”

Section 2.4.3

Please note that Price and Rind (1994) derivedraemtion factor for cloud top height
as the resolution of the model is decreased. Ttwaydf that as resolution decreases
the global lightning frequencies decrease expoa#éntand corrected for this with a
calibration factor. Was this calibration factor ubén this implementation?

We are aware of the paper (as the factor is us#kiMOZART CTM) but we did not use it.
We suspect that the correction factor is also dépstrongly on the parameterisation of
convection in the model. Instead we scaled thesamgo be 4.9 Tg yr-1 at a T159 (110 km)
resolution. Running the model at T255 (80km) retsotu- as done for the paper - led to an
increase (without changing coefficients in the paaterisation) to 5.7 Tg yr-1. Please note
that the parameterisation of Meijer et al. 200ledasn convective precipitation was used.

Section 2.5.1 Please give more details of the bgtareous chemistry of SO2 - what
reactions are included, how is the pH calculated &ow is the relationship of pH and
reaction rate calculated? For the heterogeneousreosion of N20O5 into nitric acid how is the
surface area of aerosols calculated - does it aotdor hygroscopic growth?

Which aerosols are used - the prognostic schentgeitFS or a climatology? Is the

surface area of water droplets based on a calcdlaige distribution or is there an

assumed size distribution used in the cloud scheme?

Then heterogeneous chemistry is treated in a simgjemostly and it follows the
implementation of the TM5 model as describe in Henj et al. (2010). We will add the
following rephrase the corresponding text as folow

“For the loss of trace gases by heterogeneous tixdarocesses, the model explicitly
accounts for the oxidation of SO2 in cloud throagineous phase reactions witfC5and

Os;, depending on the acidity of the solution. Theipldomputed from the SOMSA, HNG;,
NO;_A, NH3 and NH concentrations, as well as from a climatologic@, @alue. The pH, in
combination with the Henry coefficient, defines fhetor of sulphate residing in the aqueous
phase, compared to the gas phase concentratiotefiderand Crutzen, 1993). The
heterogeneous conversion of¥ into HNG; on cloud droplets and aerosol particles is
applied with a reaction probability)(set to 0.02 (Evans and Jacob, 2005). The sudiaze
density is computed based on a climatological a¢ize distribution function, applied to

the SO4, MSA and NO3_A aerosol, as well as to dassuming a droplet size of 8 um.”

Dentener, F. J. and Crutzen, P. J.: Reaction ofN@®tropospheric aerosols: Impact on the
global distributions of NOx, O3 and OH, J. Geophyss., 98(D4), 7149-7163, 1993.

Section 2.5.4 Please explain in more detail whah éused to prescribe surface

methane concentrations - are they based on obsengbr a model (and give a reference).
Spatially is a single number used everywhere,zsral mean or a 2D fields?

Temporally is there a seasonal cycle or is it tame all through the year? (I note that

it is mentioned later that monthly zonal mean cotreions are prescribed, but still no
reference, and it would be better to say that here)

CH, is nudged towards zonal-mean monthly varying serfaoncentrations derived from a
latitudinal interpolation of the monthly-mean obssions at the stations South Pole, Cape
Grim, Mauna Loa, Mace Head, Barrow, and Alert. Bhae the same CH4 surface
concentrations as used in the work of Béetal. (2014)



Banda, N., M. Krol, T. van Noije, M. van Weele, J. E. Williams, P. Le Sager, U. Niemeier, L.
Thomason, and T. Réckmann (2014), The effect of stratospheric sulfur from Mount Pinatubo on
tropospheric oxidizing capacity and methane, J. Geophys. Res. Atmos., 119,
doi:10.1002/2014JD022137.

We will add the following at line 509

“The CH4 surface concentrations were derived frdatitudinal interpolation of observations
from the stations South Pole, Cape Grim, Mauna Max;e Head, Barrow and Alert, as
discussed in Banda et al. (2015).”

Section 3.1 One model resolution is given hereegtsgl truncation and the other in
lat-lon spacing. It would be useful here if the epgmate resolution of both is given in
km to make it easier to compare the resolutiomefttvo models.

We will add the approximate resolution in km indkets. It was 80x80 km for C-IFS CB05
and about 120 x 120 km for MOZ.

Section 3.2.1 How is the model sampled for compasisvith MOZAIC data?

The model column is obtained over the airport atrtfiddle time between start and end of the
profile observation. The columns are interpolatetime between to subsequent output time
steps. This procedure does not take into acchertidrizontal movement of the plane, which
could be about to 200 km during the ascent andetésc

“The model column for the comparison with the gdeofwas obtained at the middle between
start and end time of the profile observation. Tuwalel columns were interpolated in time
between two subsequent output time steps.”

"Only the rural Airbase O3 observations have beaected for the evaluation of the
diurnal cycle". Please clarify - two plots for sack ozone over Europe are shown - a
seasonal and a diurnal cycle. | assume that bothege analyses were carried out
using all EMEP data and the Airbase observationsigdl sites. If this is correct, this
would be better phrased as "For evaluation overdper, the EMEP observations and
the rural Airbase O3 observations were used."

The assumption is correct. We will change the telikdwing your suggestions

Section 3.3 Does the lower bias in C-IFS imply thatCariolle scheme is performing
better in the lower stratosphere than the MOZAI€ristry? If so, please comment
on this and implications for future choices of upbeundary conditions for ozone -

if the Cariolle scheme is cheaper and better, wigyy@u planning to add a detailed
stratospheric chemistry scheme to CB05?

Please note that the stratospheric ozone was nuddgled MACC re-analysis above the
tropopause (see line 541). As shown in Flemmirag €011), both the MOZART
stratospheric chemistry and the Cariolle paramsggan have specific issues and strengths.
We are planning to implement stratospheric chegnsthemes not only to provide boundary
conditions for the troposphere and to assimilabéal tolumns ozone observations but also to
provide more specific information about stratospheomposition in CAMS.

Section 3.4 | would say that the model reproducasamly the location of the global
maxima (the manuscript correctly identifies the ommly observed underestimation



of CO in the NH later on).

We will correct the text as follows:
“ ... reproduced well the location of the observet ...

Section 3.5 The low bias in the outflow regions miay be related to insufficient
production of NOx reservoir species such as PANakyl nitrates.

We agree that limitations of the chemical mechar@®05 and not only the emissions are the
reason for the underestimation. For example, Atiyates are not considered. We will add
the following line:

“Further, an insufficient simulation of NOx resenvspecies such as PAN and the lack of
alkyl nitrates in CB05 might be the reason for tineerestimation.”

The overestimation of NO2 in the biomass burnirggomre coupled with the underestimation
at this time suggest that the emissions modelliag loe the issue here rather
than the fire count.

As pointed out by the reviewer, emission factorN@ may need to be re-considered. We
will add:

“The overestimation during biomass burning eventda be related to the assumed NO
emission factor.”

Section 3.6 Is the underestimation of winter HCiH@&astern US possibly linked to
the ozone bias here as well? Is there some impiowarier time chemistry missing in both CB05 and
MOZAIC?

Without further investigation we find it difficutb give a good explanation of the
underestimation over the Easter US in January abdulary. Emissions of VOC as well as
limitations of the chemical scheme are a possikamation. The good match in the rest of
the years is however encouraging. Uncertainti¢sersatellite retrievals could also play a
role here. The observed values in December are towar (and the model shows better
agreement) than in January, when the model undeedss.

Section 3.8 | found the following sentence confusinhe additional resources allocated
to the IFS are however mostly latent as the couM@ZART model and the

coupler software could not be made faster by usioge resources.” | think what is implied
here is that in order to get enough memory, thepmmliMOZART model needed

to be run using a large number of CPUs. Howevas, ithinefficient because there is
insufficient parallelism in the coupled model t@kex this large CPU count. Please
clarify.

The assumption is correct. We will re-phrase thxé ds follows.

“However, there is insufficient parallelism in M@RT to exploit the larger number of CPU
for speeding up the simulation of the coupled syste

The more complex chemistry schemes presumablyeamoire resources to run because
of both the costs of tracer transport and the extramistry. It would be helpful
to indicate how the additional costs are spreadveein these two aspects.



Most of the increase in cost between C-IFS CBOFEEMOZART and C-IFS MOCAGE are
because of the demands of the chemistry. The oadribecause of the advection of more
tracers (CBO05 56 tracers, MOZART 108, MOCAGE 1X2ithe range of 10%. The SL
advection is very efficient to simulate a largemtoer of tracers as the departure point is the

same for al tracers.

We will add:

“The overhead because of the doubled number ofcéeldespecies in C-IFS RACMOBUS
and MOZART is small because of the efficiency & 8L advection scheme. “

Section 4 If a consistent chemistry scheme wemting@de C-IFS to that of the coupled
framework, this would help resolve whether the mpments in SO2 for example
are due to difference in the diffusion schemesiggested in the paper.

We agree that a scientifically sound comparisotmefMOZART and CBO5 chemistry is only
possible if the two schemes are implemented in &-TFis is now the case and work on this

has started.



Response to reviewer #2

We thank reviewer #2 for his or her insightful coemts on the paper, in particular on improving the
evaluation section. We were very impressed bydkewer’s attention to detail in spotting
inconsistencies in the listing of the chemical neaatdm in the supplement.

We would like to respond to the review as followke reviewer's comments are put in italics. Our
suggestions for changes to the text are given atagion marks.

p.7736, 1.26: WRF-Chem is a regional model, big implied to be global in this
sentence.

We agree with reviewer #2 that WRF-Chem is mainiggional model but there are also
global applications of the model, e.g. Zhang ef2012).

We will replace in the manuscript “WRF/chem (Gstlal. 2005)” with “GU-WRF/chem
(Zhang et al., 2012)”

Zhang, Y., P. Karamchandani, T. Glotfelty, D. GeS8ts, G. Grell, A. Nenes, F. Yu, and R.
Bennartz (2012), Development and initial applicatid the global-through-urban weather
research and forecasting model with chemistry (GRRAChem), J. Geophys. Res., 117,
D20206, doi:10.1029/2012JD017966.

p. 7755 and Table 2: North America ozone averagd©@ZAIC profiles and ozonesondes
— It does not seem valid to average together alldiations of US and Canada. | would not consider
Atlanta and Vancouver as having similar conditiansll.

We agree with reviewer #2 that spatially averagimgobservations and model results over a
larger area needs to be done with caution. Fosdke of generalisation of the global results

we choose rather large areas. As we show monthinmalues averaged over layers of 200-

300 hPa, we concluded that our approach is sdigaitif sound. The averages are calculated

in such a way that stations/airports with more olzg@ns get a greater weight in the regional
average.

The varying data availability was a major motivatio average the MOZAIC profiles over
North America. For example Vancouver and Toront tha observation from April to
September whereas Dallas had most of the obsemvatibis period. We therefore averaged
over a larger number of airports to obtain a mama@ete monthly time series for 2008.
Because of the airport location and the numbewailable profiles, the plots are dominated
by observation in the Eastern US. Please find doir ynformation below the time series plots
separately for the eastern and western North-Amend for the whole sub-continent (Fig
R1). We argue that the differences in the CO biakfferent regions compared to the North-
American biases is not worth including the regipessfic plots in the paper.

We will add in section 3.2.1
“Because of the varying data availability the Nefitmerican mean is dominated by the
airports in the Eastern United States. “



Tilmes et al. (ACP,2012, doi:10.5194/acp-12-74732Ghows significant differences among 4
ozonesonde sites spread across N. America, recodingeagainst averaging them together for
model evaluation. Please explain in more detail o comparison was done. Was the model
extracted for each site and then averaged? It seewsuld be better to determine a model-
measurement bias for each site, and then perhap®k

to average the biases.

We were happy to follow the reviewer suggestiondnsider sub-region in North-America

for the evaluation with ozone sondes as suggestddres et al. (2012). We also divided

the Tropics in three sub-regions as suggestedlmesiet al. (2012). We found that more
detailed information can be gained but also thatsthaller averaging regions were more
susceptible to data gaps and distortion by oubleeservations. (The Tilmes et al. (2012) data
set is probably less affected by these problentedimey consider a 17 year period whereas
we only study one year.) The structure of the lsidsehe sub-regions did confirm the
conclusions drawn from the larger averaging ak&a. therefore suggest to discuss the biases
for three sub-region in North-America as well astfwee sub-region in the Tropics but to
include the corresponding pictures in the suppldr(se below Fig R2 and R3).

We will add in section 3.2.1

“Tilmes et al. (2012) suggest a further refinenmafrthe North-America region into Canada,
Eastern and Western United States as well of thpid@s into Atlantic/Africa, equatorial
Americas and Eastern Indian Ocean/Western Pa@8edbon the inter-comparison of ozone
sonde observation for the 1994-2010 period. Thelt®will be discussed also for these sub-
regions and corresponding figures will be preseirtdde supplement. “

in section 3.3

“A more detailed breakdown of North America (Candgastern and Western United States)
and the Tropics (Atlantic/Africa, equatorial Amexgcand Eastern Indian Ocean/Western
Pacific) following Tilmes et al. (2012) is preseshia the supplement.”

in section 3.3

“The LT underestimation occurred in all regions ats largest in early spring over Canada.
C-IFS also underestimated over North America in MT summer time ozone is
overestimated in North-America by all models, imtigalar over the Eastern United States.
The bias of C-IFS was the smallest in LT but intcast to MOZ and REAN C-IFS
underestimates summer time ozone in MT over théeEabtnited States. The overestimation
of UT ozone by MOZ was most pronounced in Canada.”

in section 3.3

“A more detailed analysis for different tropicabiens shows that the seasonality is mostly
well captured by all models over Atlantic-Africajuatorial America and eastern Indian
Ocean/Western Pacific in all three levels. Onlyriexima occurring in equatorial America
in September were underestimated by up to 15 ppblimnd UT.”

p. 7757: The description of the MOPITT data setaswritten very clearly. Was the Level 3 product
used, or did the authors perform their own griddindlx1 degree? Presumably the model profiles
were transformed, taking into account the a prigafile as well as the averaging kernel (this slaoul
be stated more clearly -

1.21-23 seems a little confused - it is 2 operatjo

[.20: The increased sensitivity at the surfacehefjoint (NIR+TIR) retrieval is due to the inclosi of
the NIR channel.

[.24-26: 1 don’t understand the point of this samte.



We used level 2 data and individual MOPITT pixelrevbinned onto a common 1x1 degree
grid. The averaging kernels in combination with &priori profile were applied to the model
profiles of CO.

The respective section (section 3.2.2) has beamiteen as follows:

“MOPITT is a multispectral thermal infrared (TIRhéar infrared (NIR) instrument onboard
the TERRA satellite with a pixel resolution of 28 KTERRA's local equatorial crossing time
is approximately 10:30 a.m. The MOPITT CO leveliets were binned within 1x1° within
each month. Deeter et al. (2013a) report a biabofit +0.08e18 molec/cm2 and a standard
deviation (SD) of the error of 0.19e18 molec/cm2tfee TIR/NIR product version 5. This is
equivalent to a bias of about 4 % and a SD of 188pectively assuming typical observations
of 2.0 e18 molec/cm2. For the calculation of tmauated CO total column the a-priori
profile in combination with the averaging kerned&j of the retrievals were applied. They
have the largest values between 300 and 800 hiraARhave been applied to ensure that
the difference between retrieval and AK-weighteddgiaolumn is independent of the a-
priori CO profiles used in the retrieval. One shibnbte however, that the AK-weighted
column is not equivalent to the modelled atmosgh€® burden anymore.”

p.7758: As with the MOPITT description, it is ntgtar if the authors performed some of the
processing of the GOME-2 retrievals or if they describing the product they used. Please clarify.
Was any transformation of model profiles perforrt@dccount for the sensitivity of the GOME-2
columns to the true profile (i.e., averaging kesnet airmass factors)?

The modelled tropospheric columns have only betmpolated to the times and location of
the observations. As the uncertainty in the,Bi@ HCHO retrievals are considerable, AK
have not been applied to the modelled tropospleeiianns. The retrieved and modelled
tropospheric columns have been compared at tira@efocation of the satellite
observations. Air mass factors were used for éhrevals.

We will in section 3.2.2

“ For comparison to GOME-2 data, model data arécadly integrated without applying AK
to...”

We also added a reference for the HCHO retrievals
“(Vrekoussis et al., 2010).”

Vrekoussis, M., Wittrock, F., Richter, A., and Bows, J. P.: GOME-2 observations of
oxygenated VOCs: what can we learn from the rdgiox@l to formaldehyde on a global
scale?, Atmos. Chem. Phys., 10, 10145-10160, déi19d/acp-10-10145-2010, 2010.

p. 7760: The bias in surface ozone in MOZART cbaldt least partially due to a recently
documented error in the dry deposition calculationall versions of MOZART, which led to reduced
deposition velocities than intended, and thus @satimate of surface ozone, as described in Val
Martin et al. (GRL, 2014, doi:10.1002/2014GL059651)

We agree that differences in dry deposition veiesiare also an important factor and will
add in section 3.3:

“The recently reported (ValMartin at al. 2014) nimgscoupling of the leaf area index to the
leaf and stomatal vegetation resistance in theutalon of dry deposition velocities could be
an explanation for the MOZ bias.”



Val Martin, M., Heald, C. L. and Arnold, S. R.: Cougidry deposition to vegetation
phenology in the Community Earth System Model: icgilons for the simulation of surface
03, GeophysRes.Lett., 41, 2988—2996, doi:10.1002/2014GL0596511420

p. 7761: It would be much easier to follow the angunts about the size of biases if the actual bias
were plotted for each model. For example, the amguirthat "the bias of MOZ seems stronger over
land" is hard to verify from these plots.

We decided to show the simulated TC (AK applietheathan the biases because they give a
better impression of the actual fields. Pleaseé fielow (Fig R4 and Fig R5) the biases
corresponding to Fig 6 and Fig 7. We find thathfes in MOZ follows the land-sea patterns
more than in the other models. However, it ifidift to exclude the possibility that the
contrast is caused by satellite data retrievakratan the model. The retrieval is sensitive to
changes surface temperature and albedo

Fig. 10 is only mentioned in passing in betweenuwision of Figs 8 and 9. It should be put in order
and discussed more completely.

We will describe Fig. 10 in more detail:

“The outcome of the comparison with LT CO from MOIZAIs consistent with the model
bias with respect to the GAW surface observatiartsurope (Figure 10). The winter biases
were larger than summer biases and MOZ showedthedt underestimation. The GAW
stations measuring CO are mostly located on mousiaithe Alpine region and typical
annual biases were about -15, - 20 and -35 ppRE#N, C-IFS and MOZ respectively.
Biases of stations in flatter terrain such as Kuokwuwaard tended to be larger.”

p. 7762, 1.18-19: The altitude levels that havehlghest sensitivity for MOPITT should not have any
bearing on the performance of the model, if theagieg kernels and a priori have been taken into
account. | would remove this sentence.

In this sentence we refer to REAN, which assimida®® from MOPITT. We think it is a
valid statement.

All technical errors have been corrected.
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Figure R1 CO volume mixing ratios (ppb) over Western North America (left, 2 sites), Eastern North America
(middle, 4 sites) and whole North America (right, 6 sites) averaged in the pressure bands 1000-700 hPa (bottom),
700-400 hPa (middle) and 400-200 hPa (top) observed by MOZAIC and simulated by C-1FS (red), MOZ (blue) and

REAN (green) in 2008.
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Figure R2 Tropospheric ozone volume mixing ratios (ppb) over the Western-US (right) and Eastern-US (middle) and
Canada (left) averaged in the pressure range 1000-700 hPa (bottom), 700-400 hPa (middle) and 400-200 hPa (top)
observed by ozonesondes (black) and simulated by C-1FS (red), MOZ (blue) and REAN (green) in 2008
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Figure R3 Tropospheric ozone volume mixing ratios (ppb) in the Tropics over Atlantic-Africaregion (left) and Eastern
Pacific and Indian Ocean (right) and equatorial Americas (middle) averaged in the pressure range 1000-700 hPa
(bottom), 700-400 hPa (middle) and 400-200 hPa (top) observed by ozonesondes (black) and simulated by C-IFS (red),
MOZ (blue) and REAN (green) in 2008
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Figure R4 Biasof CO total column with respect toretrieval MOPITT V6 for April 2008 of C-IFS (left), MOZ
(middle) and REAN (right).
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Figure R5 Bias of CO total column with respect toretrieval MOPITT V6 for August 2008 of C-IFS (left), MOZ
(middle) and REAN (right)
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Abstract

A representation of atmospheric chemistry has lre@nded in the Integrated Forecasting
System (IFS) of the European Centre for Medium-eaWWgather Forecasts (ECMWF). The
new chemistry modules complement the aerosol medifithe IFS for atmospheric
composition, which is named C-IFS. C-IFS for chemgisupersedes a coupled system, in
which the Chemical Transport Model (CTM) Model foFZone and Related chemical Tracers
3 was two-way coupled to the IFS (IFS-MOZART). Thaper contains a description of the
new on-line implementation, an evaluation with alsagons and a comparison of the
performance of C-IFS with MOZART and with a re-grs# of atmospheric composition
produced by IFS-MOZART within the Monitoring Atmdsgric Composition and Climate
(MACC) project. The chemical mechanism of C-IFansextended version of the Carbon
Bond 2005 (CB05) chemical mechanism as implemeint¢ate CTM Transport Model 5
(TM5). CBO5 describes tropospheric chemistry widhspecies and 126 reactions. Wet
deposition and lightning nitrogen monoxide (NO) ssions are modelled in C-IFS using the
detailed input of the IFS physics package. A ora-gimulation by C-IFS, MOZART and the
MACC re-analysis is evaluated against ozonesormdebpn monoxide (CO) aircraft profiles,
European surface observations of ozong,(OO, sulphur dioxide (Sfpand nitrogen dioxide
(NOy) as well as satellite retrievals of CO, troposphBiO, and formaldehyde.
Anthropogenic emissions from the MACC/CityZen (MABG inventory and biomass
burning emissions from the Global Fire Assimilat®ystem (GFAS) data set were used in
the simulations by both C-IFS and MOZART. C-IFS &Bshowed an improved
performance with respect to MOZART for CO, uppeptspheric @ winter time SQ and
was of a similar accuracy for other evaluated g dC-IFS (CBO05) is about ten times more
computationally efficient than IFS-MOZART.

1 Introduction

Monitoring and forecasting of global atmospherianpmsition are key objectives of the
atmosphere service of the European Copernicus &roge. The Copernicus Atmosphere
Monitoring Service (CAMS) is based on combiningeidé observations of atmospheric
composition with state-of-the-art atmospheric mbulgl (Flemming et al., 2013 and

Hollingsworth et al., 2008). For that purpose, thegrated forecasting system (IFS) of the
European Centre for Medium-Range Weather Fore¢BES&IMWF) was extended for forecast

and assimilation of atmospheric composition. Moduler aerosols (Morcrette et al., 2009,

2
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Benedetti et al., 2009) and greenhouse gases (@&mngéekl., 2009) were integrated on-line in
the IFS. Because of the complexity of the chemmsathanisms for reactive gases, modules
for atmospheric chemistry were not initially incedlin the IFS. Instead a coupled system
(Flemming et al., 2009a) was developed, which cemiphe IFS to the Chemical Transport
Model (CTM) Model for OZone and Related chemicahders 3 (MOZART, Kinnison et al.,
2007) or Transport Model 5 (TM5, Huijnen et al. 1) by means of the Ocean Atmosphere
Sea Ice Soil coupling software (OASIS4) coupletwafe (Redler et al., 2010). Van Noije et
al. (2014) coupled TM5 to IFS for climate applicats in a similar approach. The coupled
system made it possible to assimilate satellitéenedls of reactive gases with the assimilation
algorithm of the IFS, which is also used for theimdation of meteorological observations as

well as for aerosol and greenhouse gases.

The coupled system IFS-MOZART has been successfullgd for a re-analysis of
atmospheric composition (Inness et al.,, 2013), gmerational atmospheric composition
forecasts (Stein et al., 2012), forecast and akgion of the stratospheric ozone 3JO

(Flemming et al.,, 2011a, Lefever et al., 2014) arapospheric carbon monoxide (CO)
(Eligundi et al., 2010) and {JOrdonez et al., 2010). The coupled system IFS-T$ been

used in a case study on a period with intense tdsrbarning in Russia in 2010 (Huijnen et
al., 2012). Nevertheless, the coupled approach lmaitations such as the need for
interpolation between the IFS and CTM model gridd the duplicate simulation of transport
processes. Further, its computational performasa&ten not optimal as it can suffer from

load imbalances between the coupled components.

Consequently, modules for atmospheric chemistry refeted physical processes have now
been integrated on-line in the IFS, thereby complaimg the on-line integration strategy
already pursued for aerosol and greenhouse gasHsSinThe IFS including modules for
atmospheric composition is named Composition-IFSHE). C-IFS makes it possible (i) to
use the detailed meteorological simulation of tR& Ifor the simulation of the fate of
constituents (i) to use the IFS data assimilatgystem to assimilate observations of
atmospheric composition and (iii) to simulate fesclo processes between atmospheric
composition and weather. A further advantage of6-is the possibility of model runs at a
high horizontal and vertical resolution becauséhefhigh computational efficiency of C-IFS.

C-IFS is the global model system run in pre-operati mode as part of the Monitoring
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Atmospheric Composition and Climate - Interim Impentation project (MACC Il and
MACC lll) in peraration of CAMS.

Including chemistry modules in general circulatmmndels (GCM) to simulate interaction of
stratospheric ©(e.g. Steil et al., 1998) and aerosols (e.g. Haghet al., 1997) in the climate
system started in the mid-1990s. Later, more cohgeive schemes for tropospheric
chemistry were included in climate GCM such as EGAHAMMOZ (Pozzoli et al., 2008;
Rast et al., 2014) and CAM-chem (Lamarque et 8122 to study short-lived greenhouse
gases and the influence of climate change on diutfum (e.g. Fiore et al., 2010). In the UK
Met Office’s Unified Model (UM) stratospheric chestiy (Morgenstern et al., 2009) and
tropospheric chemistry (O’Connor et al., 2014) barsimulated together with the GLOMAP
mode aerosol scheme (Mann et al., 2010). Examgdléiseoon-line integration of chemistry
modules in global circulation models with focus WP are GEM-AQ (Kaminski et al.,
2008), GEMS-BACH (Menard et al., 2007) aBd)-WRF/Chem Grell-etal—2005 Zhang et
al., 2013. Savage et al. (2013) evaluate the performanaarafuality forecast with the UM

at the regional scale. Baklanov et al. (2014) giveomprehensive overview of on-line

coupled chemistry-meteorological models for regi@mgplications.

C-IFS is intended to run with several chemistryesobs for both the troposphere and the
stratosphere in the future. Currently, only theptrgpheric chemical mechanism CB05
originating from the TM5 CTM (Huijnen et al., 201®as been thoroughly tested. For
example, C-IFS (CBO05) has been applied to studyHte uptake on clouds and aerosols
(Huijnen et al., 2014) and pollution in the ArtEnimons et al., 2014). The tropospheric and
stratospheric scheme RACMOBUS of the MOCAGE mo8elusserez et al., 2007) and the
MOZART 3 chemical scheme as well as an extensiorthef CB0O5 scheme with the
stratospheric chemical mechanism of the BASCOE in(feleera et al., 2008) have been
technically implemented and are being scientifictdisted. Only C-IFS (CB05) is the subject
of this paper.

Each chemistry scheme in C-IFS consists of theifipagas phase chemical mechanism,
multi-phase chemistry, the calculation of photddysates and upper chemical boundary
conditions. Dry and wet deposition, emission infattand parameterization of lightning NO

emissions as well as transport and diffusion amsuksited by the same approach for all
chemistry schemes. Likewise, emissions and dry slepo input data are kept the same for

all configurations.
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The purpose of this paper is to document C-IFS tanglresent its model performance with
respect to observations. Since C-IFS (CBO05) repldbe current operational MACC model
system for reactive gases (IFS-MOZART) both in dagaimilation and forecast mode, the
evaluation in this paper is carried out predomilyatgth observations that are used for the
routine evaluation of the MACC Il system. The modesults are compared (i) with a
MOZART stand-alone simulation, which is equivalemt IFS-MOZART simulation and (ii)

with the MACC re-analysis (Inness et al., 2013)jolhis an application of IFS-MOZART in

data assimilation mode. All model configurationsedisthe same emission data. The

comparison demonstrates that C-IFS is ready tcsbd aperationally.

The paper is structured as follows. Section 2 description of the C-IFS, with focus on the
newly implemented physical parameterizations aedctremical mechanism CBO05. Section 3
contains the evaluation with observations of a yeer simulation with C-IFS (CB05) and a
comparison with the results from the MOZART run @ahd MACC re-analysis. The paper is

concluded with a summary and an outlook in section

2 Description of C-IFS

2.1 Overview of C-IFS
The IFS consists of a spectral NWP model that eppthe semi-LagrangiafSL) semi-

implicit method to solve the governing dynamicaluations. The simulation of the
hydrological cycle includes prognostic represeatetiof cloud fraction, cloud liquid water,
cloud ice, rain and snow (Forbes et al., 2011). Jihaulations presented in this paper used
the IFS release CY40rl. The technical and scierdificumentation of this IFS release can be
found at http://www.ecmwf.int/research/ifsdocs/CYdtndex.html. Changes of the
operational model are documented on

https://software.ecmwf.int/wiki/display/IFS/Opeiatial+changes.

At the start of the time step, the three-dimendiadaection of the tracers mass mixing ratios
is simulated by th&L semi-Lagrangiamethod as described in Temperton et al. (2001) and
Hortal (2002). Next, the tracers are verticallytadlimited by the diffusion scheme (Beljaars et
al., 1998) and by convective mass fluxes (Bech&tldl., 2014). The diffusion scheme also
simulates the injection of emissions and the losslly deposition (see section 2.4.1). The
output of the convection scheme is used to calele® production by lightning (see section
2.4.3). Finally, the sink and source terms duehentcal conversion (see section 2.5), wet
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deposition (see section 2.4.2) and prescribed cuiréend stratospheric boundary conditions

are calculated (see section 2.5.2).

The chemical species and the related processee@esented only in grid-point space. The
horizontal grid is a reduced Gaussian grid (Hoated Simmons, 1991). C-IFS can be run at
varying vertical and horizontal resolutions. Thengiations presented in this paper were
carried out at a T255 spectral resolution (i.e.ng¢ation at wavenumber 255), which

corresponds to a grid box size of about 80 km. Vdrécal discretization uses 60 levels up to
the model top at 0.1 hPa (65 km) in a hybrid sigrressure coordinate. The vertical extent of
the lowest level is about 17 m; it is 100 m at ab@@0Om above ground, 400-600 m in the
middle troposphere and about 800 m at about 10dighh

The modus operandi of C-IFS is one of a forecastdehan a NWP framework. The
simulations of C-IFS are a sequence of daily fasecaver a period of several days. Each
forecast is initialised by the ECMWF'’s operatioaaklysis for the meteorological fields and
by the 3D chemistry fields from the previous forscg‘forecast mode”). Continuous
simulations over longer periods are carried outréfaxation mode”. In relaxation mode the
meteorological fields are relaxed to the fieldsaofheteorological re-analysis, such as ERA-
Interim, during the run (Jung et al., 2008) to eastealistic and consistent meteorological
fields.

2.2 Transport

The transport by advection, convection and turlbtutBfiusion of the chemical tracers uses

the same algorithms as developed for the transgasater vapour in the NWP applications

of IFS. The advection is simulated with a three@lisional semi-Lagrangian advection

scheme, which applies a quasi-montonic cubic iofatipn of the departure values. Since the
semi-Lagrangian advection does not formally corsanass a global mass fixer is applied.
The effect of different global mass fixers is dissed in Diamantakis and Flemming (2014)
and Flemming and Huijnen (2011b). A proportionakmaas used for the runs presented in

this paper because of the overall best balancedastthe results and computational cost.

The vertical turbulent transport in the boundaryelais represented by a first order K-
diffusion closure. The surface emissions are iggas lower boundary flux in the diffusion
scheme. The lower boundary flux condition also aot® for the dry deposition flux based on

the projected surface mass mixing ratio in an iaiplivay. The vertical transport by
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convection is simulated as part of the cumulus eotion. It applies a bulk mass flux scheme
which was originally described in Tiedtke (1989heTscheme considers deep, shallow and
mid-level convection. Clouds are represented bingles pair of entraining/detraining plumes
which determine the updraught and downdraught masg$luxes.
(http://old.ecmwf.int/research/ifsdocs/CY40r1/ ihyBical Processes, Chapter 6, pp 73-90).
Highly soluble species such as nitr/ic acid (H{NGhydrogen peroxide (D) and aerosol
precursors are assumed to be scavenged in the actimeveain droplets and are therefore

excluded from the convective mass transfer.

The operator splitting between the transport arel sk and source terms follows the
implementation for water vapour (Beljaars et abdQ4). Advection, diffusion and convection
are simulated sequentially. The sink and sourcegases are simulated in parallel using an
intermediate update of the mass mixing ratios althransport tendencies. At the end of the
time step tendencies from transport and sink andcsaterms are added together for the final
update the concentration fields. Resulting negatigess mixing ratios are corrected at this
point by setting the updated mass mixing ratio toreemical zero” of 1.0e-25 kg/kg.

2.3 Emissions for 2008

The anthropogenic surface emissions were giverhbyMACCity inventory (Granier et al.,
2011) and aircraft NO emissions of a total of ~Og3 N/yr were applied (Lamarque et al,
2010). Natural emissions from soils and oceans taken from the Precursors of Ozone and
their Effects in the Troposphere (POET) databas2®00 (Granier et al., 2005; Olivier et al.,
2003). The biogenic emissions were simulatédine by the MEGAN2.1 model (Guenther et
al., 2006).The anthropogenic and natural emissions were usechanthly means. Daily

Biomass burning emissions were produced by the &lBlve Assimilation System (GFAS)
version 1, which is based on satellite retrievdléire radiative power (Kaiser et al., 2012).
The actual emission totals used in the T255 sirmrgbr 2008 from anthropogenic, biogenic
sources and biomass burning as well as lightingakgiven inTable 1Fable-1

2.4 Physical parameterizations of sources and sinks

2.4.1 Dry deposition

Dry deposition is an important removal mechanismttet surface in the absence of
precipitation. It depends on the diffusion closethe earth surface, the properties of the
constituent and on the characteristics of the sarfin particular the type and state of the

7
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vegetation and the presence of intercepted raierwBtry deposition plays an important role
in the biogeochemical cycles of nitrogen and sulpland it is a major loss process of
tropospheric @ Modelling the dry deposition fluxes in C-IFS iaded on a resistance model
(Wesely et al., 1989), which differentiates theodgnamic, the quasi-laminar and the canopy
or surface resistance. The inverse of the totdbteee is equivalent to a dry deposition

velocity V.

The dry deposition flux, at the model surface is calculated based on thedeposition
velocity Vj,, the mass mixing rati&s and air density, at the lowest model leve in the

following way:
Fp=VpXsps

The calculation of the loss by dry deposition hmasid¢count for the implicit character of the
dry deposition flux since it depends on the massnygiratioXs. itself

The dry deposition velocities were calculated asmtmy mean values from a one-year
simulation using the approach described in Michbale(2004). It used meteorological and
surface input data such as wind speed, temperaurface roughness and soil wetness from
the ERA-interim data set. At the surface the schemages a distinction between uptake
resistances for vegetation, bare soil, water, smow ice. The surface and vegetation
resistances for the different species are calallating the stomatal resistance of water
vapour. The stomatal resistance for water vapouwralsulated depending on the leaf area
index, radiation and the soil wetness at the uppstnsurface layer. Together with the
cuticlular and mesophyllic resistances this is ciomth into the leaf resistance according to
Wesely et al. (1989) using season and surface $peeific parameters as referenced in
Seinfeld and Pandis (1998).

Dry deposition velocities have higher values durihg day because of lower aerodynamic
resistance and canopy resistance. Zhang et al3)28ported that averaged observega@d
sulphur dioxide (Sg) dry deposition velocities can be up to 4 timeghbkr at day time than at
night time. As this important variation is not caqgd with the monthly-mean dry deposition
values, a +/- 50% variation is imposed on all depakition values based on the cosine of the
solar zenith angle. This modulation tends to desedry deposition for species with a night

time maximum at the lowest model level and it ias@s dry deposition of:0
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Table A4 (supplement) contains annual total lossltyydeposition and expressed as a life-
time estimate by dividing by tropospheric burdem # simulation using monthly dry
deposition values for 2008. Dry deposition was nafictive for many species in particular
SO, and ammonia (Nk) as the respective lifetimes were one day to omekw For
tropospheric @the respective globally averaged time scale isiaBomonths. Because dry
deposition occurs mainly over ice-free land surfattee corresponding time scale is at least

three times shorter in these areas.

2.4.2 Wet Deposition

Wet deposition is the transport and removal of Isleluor scavenged constituents by
precipitation. It includes the following processes:

* In-cloud scavenging and removal by rain and snamw (©ut)

* Release by evaporation of rain and snow

» Below cloud scavenging by precipitation falling dbgh without formation of
precipitation (wash out)

It is important to take the sub-grid scale of clamil precipitation-formation into account for
the simulation of wet deposition. The IFS cloudestk provides information on the cloud
and the precipitation fraction for each grid baxuses a random overlap assumption (Jakob
and Klein, 2000) to derive cloud and precipitatamea fraction. The same method has been
used by Neu and Prather (2012), who demonstratethbortance of the overlap assumption
for the simulation of the wet deposition. The ppé#ation fluxes for the simulation of wet
removal in C-IFS were scaled to be valid over tfecipitation fraction of the respective grid-
box. The loss of tracer by rain-out and wash-ous \imited to the area of the grid box
covered by precipitation. Likewise, the cloud wadad ice content is scaled to the respective
cloud area fraction. If the sub-grid scale distiiba was not considered in this way, wet
deposition was lower for highly soluble specieshsas HNQ because the species is only
removed from the cloudy or rainy grid box fractidtor species with low solubility the wet
deposition loss was slightly decreased becaus@efecrease in effective cloud and rain

water.

Even if wet deposition removes tracer mass onlthe precipitation area, the mass mixing
ratio representing the entire grid box is changembalingly after each model time step. This

is equivalent with the assumption that there isaimgineous mixing within the grid-box at the
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time scale of the model time step. As discusséduijnen et al. (2014), this assumption may

lead to an overestimation of the simulated traoss.|

The module for wet deposition in C-IFS is basedtlo& Harvard wet deposition scheme
(Jacob et al., 2000 and Liu et al., 2001). In casttto Jacob et al. (2000), tracers scavenged in
wet convective updrafts are not removed as pattefonvection scheme. Nevertheless, the
fraction of highly soluble tracers in cloud condatesis simulated to limit the amount of
tracers lifted upwards as only the gas phase fnads transported by the mass flux. The
removal by convective precipitation is simulated tile same way as for large-scale

precipitation in the wet deposition routine.

The input fields to the wet deposition routine d@he following prognostic variables,
calculated by the IFS cloud scheme (Forbes eR@ll): total cloud and ice water content,
grid-scale rain- and snow water content and clowdigrid-scale precipitation fraction as well
as the derived fluxes for convective and grid-sgadecipitation fluxes at the grid cell
interfaces. For convective precipitation a preeifpdn fraction of 0.05 is assumed and the

convective rain and snow water content is calcdlagsuming a droplet fall speed of 5 m/s.

Wash-out, evaporation and rain-out are calculatitdr seach other for large-scale and
convective precipitation. The amount of trace gassalved in cloud droplets is calculated
using Henrys-law-equilibrium or assuming that 70#4erosol precursors such as sulphate
(SOy), NH3 and nitrate (N@) is dissolved in the droplet. The effective Henoefficient for
SO, which accounts for the dissociation of S@ calculated following Seinfeld and Pandis
(1998, p. 350). The other Henry's law coefficieats taken from the compilation by Sander
(1999) (www.henrys-law.org, Table Al in the suppéert).

The loss by rain out is determined by the predipita formation rate. The retention
coefficient R, which accounts for the retentiord@fsolved gas in the liquid cloud condensate
as it is converted to precipitation, is one for sflecies in warm clouds (T > 268 K). For
mixed clouds (T < 268 K) R is 0.02 for all specieg 1.0 for HNQ and 0.6 for HO, (von
Blohn, 2011). In ice clouds only J&, (Lawrence and Crutzen, 1998) and HN@re

scavenged.

Partial evaporation of the precipitation fluxesdsao the release of 50% of the resolved

tracer and 100% in the case of total evaporati@ecolds et al., 2000). Wash-out is either

mass-transfer or Henry-equilibrium limited. HilOCaerosol precursors and other highly

soluble gases are washed out using a first ordehwat rate of 0.1 mih (Levine and
10
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Schwartz, 1982 ) to account for the mass trandfer less soluble gases the resolved fraction

in the rain water is calculated assuming Henryldarium in the evaporated precipitation.

Table A5 (supplement) contains total loss by wegiod@ion and expressed as time scale in
days based on the tropospheric burden. For aerpsmtursors nitrate, sulphate and
ammonium, HN@and HO, wet deposition is the most important loss procesis r@spective

timescales of 2—4 days.

2.4.3 NO emissions from lightning

NO emissions from lightning are a considerable rioution to the global atmospheric NO
budget. Estimates of the global annual source Yetyveen 2-8 TgN/yr (Schumann and
Huntrieser, 2007). 5 TgN/yr (10.7 TgNO/yr) is theshcommonly assumed value for global
CTMs which is about 6-7 times the value of NO eioiss from aircraft (Gauss et al., 2006)
or 17% of the total anthropogenic emissions. NOssiahs from lightning play an important
role in the chemistry of the atmosphere becausedhereleased in the rather clean air of the
free troposphere, where they can influence théwlget and hence the OH-kKfartitioning
(DeCaria et al., 2005) .

The parameterization of the lightning NO productiorC-IFS consist of estimates of (i) the
flash rate density, (ii) the flash energy releaseé @ii) the vertical emission profile for each
model grid column. The estimate of the flash-ragmgity is based on parameters of the
convection scheme. The C-IFS has two options talsira the flash-rate densities using the
following input parameters: (i) convective cloudidte (Price and Rind, 1992) or (ii)
convective precipitation (Meijer et al., 2001).

The parameterizations distinguish between land @®hn points by assuming about 5-10
times higher flash rates over land. Additional d&tseon cloud base height, cloud extent and
temperature are implemented to select only clohafsare likely to generate lightning strokes.

The coefficients of the two parameterizations wagaved from field studies and depend on
the model resolution. With the current implemewtatof C-IFS (T255L60), the global flash

rates were 26 and 43 flashes per seconds for besrgs by Price and Rind (1992) and Meijer
et al. (2001), respectively. It seemed thereforeasary to scale the coefficients to get a flash
rate in the range of the observed values of abOub04 flashes per second derived from

observations of the Optical Transient Detector (QEDd the Lightning Imaging Sensor

11
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(LIS) (Cecll et al., 2012).

R Price and Rind 1992 o .. Mejeretal 2000 . ObsenationsLISOTD

Figure rigure-Ishows the annual flash rate density simulatechbytwo parameterisations

together with observations from the LIS/OTD data $&e two approaches show the main
flash activity in the tropics but there were diffaces in the distributions over land and sea.
The smaller land-sea differences of Meijer et 200() agreed better with the observations.
The observed maximum over Central Afrcaias well reproduced by both parameterizations
but the schemes produce an exaggerated maximum tomgical South America. The

lightning activity over the United States was umd¢imated by both parameterisations. The
parameterization by Meijer et al. (2001) has besedufor the C-IFS runs presented in this

paper.

Cloud to ground (CG) and cloud to cloud (CC) flaslaee assumed to release a different
amount of energy, which is proportional to the Nizase. Price et al. (1997) suggest that the
energy release of CG is 10 times higher. Howeveremecent studies suggest a similar value
for CG and CC energy release based on aircraftreditsens and model studies (Ott et al.,
2010), whichiswe followedin C-IFS. In C-IFS, CG and CC fractions are calted using the
approach by Price and Rind (1993), which is basea dth order function of cloud height

above freezing level.

The vertical distribution of the NO release is pfportance for its impact on atmospheric
chemistry. Many CTMs use the suggestion of Pickpsh al. (1998) of a C-shape profile,

which peaks at the surface and in the upper trdpasp Ott et al. (2010) suggest a “backward
C-shape” profile which locates most of the emissiorthe middle of the troposphere. The
vertical distribution can be simulated by C-IFSagcording to Ott et al. (2010) or (ii) as a C-
shape profile following Huijnen et al. (2010). Tapproach by Ott et al. (2010) is used in the

12
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simulation presented here. As lightning NO emissioocur mostly in situations with strong

convective transport, differences in the injectioafile had little impact.

As the lightning emissions depend on the convecteévity they change at different
resolutions or after changes to the convectionreehélhe C-IFS lightning emissions were
4.9 TgN/yr at T159 resolution and 5.7 Tg N/yr abb2esolution.

2.5 CBO5 chemistry scheme

251 Gasphase chemistry

The chemical mechanism is a modified version of @&bon Bond mechanism 5 (CBO05,
Yarwood et al., 2005), which is originally basedtba work of Gery et al. (1989) with added
reactions from Zaveri and Peters (1999) and fromvsing et al. (1998) for isoprene. The
CBO05 scheme adopts a lumping approach for orggrécies by defining a separate tracer
species for specific types of functional groupse ®peciation of the explicit species into
lumped species follows the recommendations givefyanwood et al. (2005). The CB05
scheme used in C-IFS has been further extenddtkifotiowing way: An explicit treatment
of methanol (CHOH), ethane (@Hs), propane (EHs), propene (€Hs) and acetone
(CH3COCH;) has been introduced as described in Williamslet(2013). The isoprene
oxidation has been modified motivated by Archibaicl. (2010). Higher C3 peroxy-radicals
formed during the oxidation of 8z and GHg were included following Emmons et al.
(2010).

The CBO05 scheme is supplemented with chemical inzectfor the oxidation of S£ di-
methyl sulphide (DMS), methyl sulphonic acid (MS#)d NHs, as outlined in Huijnen et al.
(2014). For the oxidation of DMS, the approach dirCet al. (1996) is adopted. Table Al

(supplement) gives a comprehensive list of theetgases included in the chemical scheme.

The reaction rates have been updated accordinfpe¢ardcommendations given in either
Sander et al. (2011) or Atkinson et al. (2004, 200®&e oxidation of CO by the hydroxyl

radical (OH) implicitly accounts for the formaticemd subsequent decomposition of the
intermediate species HOCO as outlined in Sandeal.e2006). For lumped species, e.g.
ALD2, the reaction rate is determined by an averafgéhe rates of reaction for the most
abundant species, e.g. C2 and C3 aldehydes, ingtbap. An overview of all gas-phase
reactions and reaction rates as applied in thisiaerof C-IFS can be found in Table A2

(supplement).

13



390
391

392
393
394
395
396
397
398
399
400

401

402
403
404
405
406
407
408
409
410

411
412
413
414

415
416
417
418

For the loss of trace gases by heterogeneous @idatocesses, the model explicitly

accounts for the oxidation of S@ cloud through aqueous phase reactions wigb,tand Q,

depending on the acidity of the solutidrhe pH is computed from the SO4, MSA, HNO3,

NO3 A, NH3 and NH4 concentrations, as well as falimatological CO2 value. The pH,

in_combination with the Henry coefficient, defindse factor of sulphate residing in the

agueous phase, compared to the gas phase conioenfBentener and Crutzen, 1993)a-this
version-of-C-IFS, Thédeterogeneous conversion 0fQ¥ into HNGO; on cloud droplets and
aerosol particles is applied with a reaction praliigit{y) set to 0.02 (Evans and Jacob, 2005).

The surface area density is computed based onnsmtoliogical aerosol size distribution

function, applied to the SOMSA and NO3_A aerosol, as well as to clouds agsura _ - { Formatted: Subscript

droplet size of 8 um.

252 Photolysisrates

For the calculation of photo-dissociation ratesoarline parameterization for the derivation
of actinic fluxes is used (Williams et al., 201D08). It applies a Modified Band Approach
(MBA) which is an updated version of the work byndgraf and Crutzen (1998), tailored and
optimized for use in tropospheric CTMs. The apphoases 7 absorption bands across the
spectral range 202 — 695 nm. At instances of lagdar zenith angles (71-85°) a different set
of band intervals is used. In the MBA the radiatikensfer calculation using the absorption
and scattering components introduced by gasessa@lerand clouds is computed on-line for
each of 7 pre-defined band intervals based on th&ge2m solver of Zdunkowski et al.
(1980).

The optical depth of clouds is calculated based parameterization available in IFS (Slingo,
1989 and Fu et al., 1996) for the cloud opticatkhess at 550 nm. For the simulation of the
impact of aerosols on the photolysis rates a chiogical field for aerosols is used, as

detailed in Williams et al. (2012). There is alsoogtion to use the MACC aerosol fields.

In total 20 photolysis rates are included in theesge, as given in Table A3 (supplement).
The explicit nature of the MBA implies a good flbiity in terms of updating molecular
absorption properties (cross sections and quantatdsy and the addition of new photolysis

rates into the model.
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253 Thechemical solver

The chemical solver used in C-IFS (CBO05) is an E@ackward lterative (EBI) solver
(Hertel et al., 1996). This solver has been orifyndesigned for use with the CBM4
mechanism of Gery et al. (1989). The chemical tstep is 22.5 min, which is half of the
dynamical model time step of 45 min at T255 resotutEight, four or one iterations are
carried out for fast-, medium- and slow-reactingroical species to obtain a solution. The
number of iterations is doubled in the lowest fmwodels levels, where the perturbations due

to emissions can be large.

254  Sratospheric boundary conditions

The modified CB05 chemical mechanism includes nodemated species and no photolytic
destruction below 202 nm and is therefore not dufte the description of stratospheric
chemistry. Thus realistic upper boundary conditifmrsthe longer-lived gases such ag O

methane (Ch), and HNQ are needed to capture the influence of stratogph@rusions on

the composition of the upper troposphere.

Stratospheric © chemistry in—C-IFS (CBO05) is parameterized by the Cariolle sahem
(Cariolle and Teyssédre, 2007). Chemical tenderioiestratospheric and tropospherig &e

merged at an empirical interface of the diagnosedopause height in IFS. Additionally,
stratospheric @in C-IFS can be nudged toz@nalyses of either the MACC re-analysis
(Inness et al., 2013) or ERA interim (Dee et a01P). The tropopause height in IFS is

diagnosed either from the gradient in humiditylw vertical temperature gradient.

Stratospheric HN@at 10 hPa is controlled by a climatology of HN&hd Q observations
from the Microwave Limb Sounder (MLS) aboard thepgp Atmosphere Research satellite
(UARS). HNG; is set to according to the observed HNGD; ratio and the simulated ;0
concentrations. Further, stratospheric 4Cl8 constrained by a climatology based on
observations of the Halogen Occultation Experiniestrument (Grool3 and Russel, 2004),
45hPa and at 90 hPa in the extra-tropics, whichligitly accounts for the stratospheric
chemical loss of Ciiby OH, chlorine (CI) and oxygen tD) radicals. It should be noted that

also the surface concentrations of Gifle fixed in this configuration of the model.

255 Gasaerosol partitioning

Gas-aerosol partitioning is calculated using theuilium Simplified Aerosol Model
(EQSAM, Metzger et al., 2002a, 2002b). The scheme een simplified so that only the
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partitioning between HN® and the nitrate aerosol (N£) and between Nfiand the
ammonium aerosol (NH) is calculated. S&, is assumed to remain completely in the
aerosol phase because of its very low vapour pres3ine assumptions of the equilibrium
model are that (i) aerosols are internally mixedl abey thermodynamic gas/aerosol
equilibrium and that (ii) the water activity of aqueous aerosol particle is equal to the
ambient relative humidity (RH). Furthermore, theromel water mainly depends on the
aerosol mass and the type of the solute, so thahpmerizations of single solute molalities
and activity coefficients can be defined, dependinty on the type of the solute and RH. The
advantage of using such parameterizations is teathtire aerosol equilibrium composition
can be solved analytically. For atmospheric aessothermodynamic equilibrium with the
ambient RH, the following reactions are consideiredC-IFS. The subscripts g, s and aq

denote gas, solid and aqueous phase, respectively:
(NHz)g + (HNGO3)g <> (NH4NO3)s

(NH4NOs)s+ (H20)g <> (NH4NO3)ag+ (H20)aq
(NHaNO3)ag+ (H20)g > (NH'3)ag+ (NO'3)aq+ (Hz0)aq

2.6 Model budget diagnostics

C-IFS computes global diagnostics for every timepdb study the contribution of different
processes on the global budget. The basic outpattha total and tropospheric tracer mass,
the global integral of the total surface emissidngegrated wet and dry deposition fluxes,
chemical conversion as well as elevated atmospharitssions and the contributions of
prescribed upper and lower vertical boundary camustfor CH, and HNQ. A time-invariant
pressure-based tropopause definition, which vanik latitude, is used to calculate the
tropospheric mass. To monitor the numerical intggf the scheme, the contributions of the
corrections to ensure positiveness and global rmasservation are calculated. Optionally,
more detailed diagnostics can be requested thatdes photolytic loss and the loss by OH

for the tropics and extra-tropics.

A detailed analysis of the global chemistry budgdbeyond the scope of this paper. Only a
number of key terms for CO,s@nd CH is summarized here. They are compared with values
from the “Atmospheric Composition Change: the Eeap Network of Excellence”
(ACCENT) model inter-comparisons of chemistry medbl Stevenson et al. (2006) for
tropospheric @ and by Shindell et al. (2006) for CO. A more rdciater-comparison was
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carried out within the Atmospheric Chemistry andn@ite Model Intercomparison Project
(ACCMIP) (Lamarque et al., 2013). The ACCMIP valleesve been taken from Young et al.
(2013) for tropospheric £and from Voulgarakis et al. (2013) for GHt should be noted that
the values from these inter-comparison are valid foesent-day conditions but not
specifically for 2008. A further source of the difénces is the height of the tropopause
assumed in the calculations. Overall, the compargmwwed that the C-IFS (CBO05) is well
within the range of the multi model ensemble.

The annual mean of C-IFS tropospherig fdrden was 390 Tg. The values are at the upper
end of the range simulated by the ACCENT (344 418 and the ACCMIP (337 £ 23 Tq)
models. The same holds for the loss by dry depwositvhich was 1155 Tg/yr for C-IFS, 1003

+ 200 Tglyr for ACCENT and in the range 687-1350yFdor ACCMIP. The tropospheric
chemical Q production of C-IFS was 4608 Tg/yr and loss 4144yil, which is for both
values at the lower end of the range reportedHerproduction (5110 + 606 Tg/yr) and loss
(4668 £ 727 Tglyr) for the ACCENT models. The comgpizely simple treatment of volatile
organic compounds in CBO05 could be an explanat@mntlie low Q production and loss
terms. Stratospheric inflow in C-IFS, estimatedtasresidue from the remaining terms was
691 Tg and the corresponding value from the ACCEMNIlti-model mean is 552 + 168 Tg.

The annual mean total CO burden in C-IFS was 361vifgch is slightly larger than the

ACCENT mean (345 Tg, 248-427 Tg). The total CO sioiss in 2008 were 1008 Tg which
is in-line with the number used in ACCENT (1077 yirg/but lower than the estimate (1550
Tglyr ) of the Third Assessment Report (PrathealeP001) of the Intergovernmental Panel
on Climate Change (IPCC), which also takes intooant results from inverse modelling

studies. The tropospheric chemical CO productios W4 Tg/yr, which is very close to the
ACCENT multi-mean of 1505 +/- 236 Tg/yr. The cheali€O loss in C-IFS was 2423 Tg
and the loss by dry deposition 24 Tg.

The annual mean CHotal and tropospheric burdens of C-IFS (CB05) 48€4 and 4271
Tglyr, respectively. The global chemical £hbss by OH was 467 Tg/yr. Following
Stevenson et al. (2006), this leads to a global Ifetime estimate of 9.1 yr. This value is
within the ACCMIP range of 9.8+1.6 yr but lower than observation-based 11.2+1.3 yr
estimate by Prather et al., 2012. (#inissions were substituted by prescribed monthihalz
mean surface concentrations to avoid the long+gpineeded by a direct modeling of the .CH
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of observations from the stations South Pole, Gapm, Mauna Loa, Mace Head, Barrow

and Alert. The resulting Chl flux was 488 Tg/yr, which is of similar size astBum of
current estimates of the total ¢Emissions of 500 - 580 Tg/yr and the loss by safil30-40
Talyr (Forth Assessment Report by IPCC<
http://www.ipcc.ch/publications_and_data/ar4/wgicaiis7-4-1.html#ar4top).

3 Evaluation with observations and comparison with the coupled system
IFS-MOZART

The main motivation for the development of C-IFS f@secasting and assimilation of
atmospheric composition as part of the CAMS. Hetige,purpose of this evaluation is to
show how C-IFS (CBO05) performs relative to the dedgCTM MOZART-3 (Kinnison et al.,
2007), which has been running in the coupled sysEESAMOZART in pre-operational mode
since 2007. C-IFS will replace the coupled systanthe next update of the CAMS system.
The evaluation focuses on species which are retet@nglobal air pollution such as
tropospheric @ CO, nitrogen doxide (N£), SO, and formaldehyde (HCHO). The MACC re-
analysis (Inness et al., 2013), which is an appitinsof IFS-MOZART with assimilation of

observations of atmospheric composition, has beelnded in the evaluation as a benchmark.

The MACC re-analysis (REAN) and the correspondin@2ART (MOZ) stand-alone run
have already been evaluated with observations bgsimet al. (2013). Further, the MACC-II
sub-project on validation has compiled a comprelenseport assessing REAN (MACC,
2013). REAN has been further evaluated with surfalsservations in Europe and North-
America for Q by Im et al. (2014). C-IFS (CB05) has been alrealuated with a special
focus on hydroperoxyl (H&in relation to CO in Huijnen et al. (2014). The fpemance of
an earlier version of C-IFS (CBO05) in the Arctic svavaluated and inter-compared with
CTMs of the POLARCAT model intercomparison Projé@OLMIP) by Monks et al. (2014)
for CO and Arnold et al. (2014) for reactive niteog The POLMIP inter-comparisons show
that C-IFS (CBO05) performs within the range ofeataf-the-art CTMs.

3.1 Summary of model runs setup

C-IFS (CB05) was run from 1 January to 31 Decen®8 with a spin up starting 1 July
2007 at a T255 resolutiof0 km x 80 km) with 60 model levels in monthly chunks. The

meteorological simulation was relaxed to dynamitalds of the MACC re-analysis (see
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section 2.1). Likewise stratospherig @bove the tropopause was nudged to the MACC re-

analysis.

MOZ is a run with the MOZART CTM at 1.1°x1.13120 x 120 km)horizontal resolution
using the 60 vertical levels of C-IFS. The setupttid MOZART model and the applied
emissions and dry deposition velocities were thmesan MOZ and REAN. The most
important difference between MOZ and REAN is theim#ation of satellite retrieval of
atmospheric composition in REAN. Further, REAN vmeduced with the coupled system
IFS-MOZART whereas MOZ is a stand-alone driven liy tneteorological fields of REAN.
The latter is equivalenbwith a simulation of IFS-MOZART without data assimitati of
atmospheric composition. The assimilated retrievalye CO and © total columns,
stratospheric @ profiles and tropospheric NCcolumns. No observations of atmospheric
composition have been feed in to the MOZ run. Neeobational information has been used
to improve the tropospheric simulation of the C-lie®. Another difference between MOZ
and REAN is that the IFS diffusion and convectichesne, as used in C-IFS, controls the

vertical transport in REAN whereas MOZART'’s genesahemes were used in the MOZ run.

MOZ, REAN and C-IFS used the same anthropogenicsgams (MACCity), biogenic
emissions (MEGAN 2.1 Guenther et al., 2006,
http://acd.ucar.edu/~guenther/MEGAN/MEGAN.Ntand natural emissions from the POET

project. The biomass burning emissions for MOZ &EAN came from the Global Fire

Emission Data version 3 inventory which was redisted according to Fire Radiative Power
observations used in GFAS. Hence, the average Is®nmairning emissions used by
MOZART (MOZ and REAN) agree well with the GFAS esi@ns used by C-IFS, but they
are not identical in temporal and spatial varigili

3.2 Observations

The runs (C-IFS, MOZ, REAN) were evaluated with @ddservations from ozonesondes and
Os; and CO aircraft profiles from the Measurement afofe, Water Vapour, Carbon
Monoxide and Nitrogen Oxides by Airbus in-servicecfaft (MOZAIC) program. Simulated
surface @, CO, NG and SQ fields were compared against Global Atmospheric Watch
(GAW) surface observations and additionally @gainst observations from the of the
European Monitoring and Evaluation Programme (EMERY the European air quality
database (AirBase). The global distributions optrgpheric NQ and HCHO were evaluated

with retrievals of tropospheric columns from Glob@kzone Monitoring Experiment 2
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(GOME-2). Measurements Of Pollution In The Tropameh(MOPITT) retrievals were used

for the validation of the global CO total columelfs.

3.2.1 In-situ observations

The ozonesondes were obtained from the World OaadeUltraviolet Radiation Data Centre
(WOUDC) and from the ECWMF Meteorological Archivenda Retrieval System. The
observation error of the sondes is about +5% inrtimge between 200 and 10 hPa and -7 -
17% below 200 hPa (Beekmann et al., 1994, Komhyalet1995 and Steinbrecht et al.,
1996). The number of soundings varied for the diffié stations. Typically, the sondes are
launched once a week but in certain periods suatuaeg G hole conditions soundings are
more frequent. Sonde launches were carried outlynbstween 9 and 12 hours local time.

The global distribution of the launch sites is eegough to allow meaningful averages over

2 contains a list of the ozonesondes used in thidysiTilmes et al. (2012) suggest a further

refinement of the North-America region into CanaBastern and Western United States as

well of the Tropics into Atlantic/Africa, equatofiaAmericas and Eastern Indian

Ocean/Western Pacific based on the inter-compangoozone sonde observation for the

1994-2010 period. The results will be discusssd &r the sub-regions and figures will be

presented in the supplement.

The MOZAIC program (Marenco et al., 1998 and Néddeal., 2003) provides profiles of
various trace gases taken during commercial atrasafents and descents at specific airports.
MOZAIC CO data have an accuracy of =+ 5 ppbv, aigrec of + 5%, and a detection limit of
10 ppbv (Nédélec et al., 2003). Since the airaraftying the MOZAIC unit were based in
Frankfurt, the majority of the CO profiles (837 2008) were observed at this airport. A
further 10 of the 28 airports with observation2B08 had a sufficient number of profiles:
Windhoek (323), Caracas (129), Hyderabad (125) laaton-Gatwick (83) as well as the
North-American airports Atlanta (104), Portland Y6®hiladelphia (65), Vancouver (56),
Toronto (46) and Dallas (43). The North-Americanpaits were considered to be close

enough to make a spatial average meanindfatause of the varying data availability the

North-American mean is dominated by the airportthaEastern United States.

Apart from Frankfurt, typically 2 profiles (takeodind landing) are taken within 2-3 hours or
with a longer gap in the case of an overnight ststyFrankfurt there were 2-6 profiles

available each day, mostly in the morning and #terlafternoon to the evening. At the other
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airports the typical observation times were 6 &UIBC for Windhoek (+/- 0 h local time), 19
and 21 UTC for Hyderabad (+ 4 h local time), 20 2&dJTC for Caracas (-6 h), 4 and 22 for
London (+/- 0 h) and 19 and 22 (- 5/6 h) for thertRcAmerican airports. This means that
most of the observations were taken between tleeshatning and early morning hours, i.e. at
a time of increased stability and large CO vertigaldients close to the surface. Only the
observations at Caracas (afternoon) and to sonamtext Frankfurt represent a more mixed
day-time boundary layei.he modelled column profile was obtained at thedieichetween

start and end time of the profile observation. Timedel columns were interpolated in time

between two subsequent output time steps.

The global atmospheric watch (GAW) program of therM/ Meteorological Organization is
a network for mainly surface based observations QYI007). The data were retrieved from
the World Data Centre for Greenhouse Gases [hifpdata.jma.go.jp/gmd/wdcgg/]. The
GAW observations represent the global backgroundyafom the main polluted areas.
Often, the GAW observation sites are located on ntains, which makes it necessary to
select a model level different from the lowest niddeel for a sound comparison with the
model. In this study the procedure described inmidng et al. (2009b) is applied to
determine the model level, which is based on tHéerdince between a high resolution
orography and the actual station height. The daterage for CO and Owas global,

whereas for S@and NQ only a few observations in Europe were availablghat data

repository.

The Airbase and EMEP databases host operationaliality observations from different
national European networks. All EMEP stations amated in rural areas, while Airbase
stations are designed to monitor local pollutiormnyl AirBase observations may therefore
not be representative of a global model with aZworial resolution of 80 km. However,
stations of rural regime may capture the largelessiginal in particular for ¢ which is

spatially well correlated (Flemming et al., 2005he EMEP observations and the rural

3.2.2 Satellite retrievals

Satellite retrievals of atmospheric composition amere widely used to evaluate model
results. Satellite data provide good horizontaletage but have limitation with respect to the

vertical resolution and signal from the lowest atpiweric levels. Further, satellite
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observations are only possible at the specific pag&s time, and they can be disturbed by the
presence of clouds and surface properties. Depgratirthe instrument type global coverage

is achieved in several days.

Day-time CO total column retrievals from MOPITT,rsien 6 (Deeter et al., 2013b) and
retrievals of tropospheric columns of NQUP-UB v0.7, Richter et al., 2005) and of HCHO
(IUP-UB v1.0; Wittrock et al., 2006) from GOME-2 &llies et al., 2000) have been used for
the evaluation. The retrievals were averaged tothhpmeans values to reduce the random

retrieval error.

MOPITT is a multispectral thermal infrared (TIRpéar infrared (NIR) instrument onboard
the TERRA satellite with a pixel resolution of 2@ kTERRA's local equatorial crossing time
is approximately 10:30 a.m. The MOPITT Q&el 2 pixels were binned within 1x1° within
each month. Deeter et al. (2013a) report a biaabotit +0.08¥ molec/cni and a standard
deviation (SD) of the error of 0.1%emolec/cnf for the TIR/NIR product version 5. This is
equivalent to a bias of about 4 % and a SD of 1€8pectively assuming typical observations
of 2.0 é® molec/cm. For the calculation of the simulated CO totalucoh thea-priori profile

in combination with theveraging kernels (AK) of the retrievals were aggliThey have the

largest values between 300 and 800 HRaurface-the-sensitivity-isreduced-even-thodmgh t

ombined-MNR R nrod h been ed—which-hbhe en dbvthan-the NHR-and

HR-enly-produets. The AK have been applied to emshat the difference between retrieval

and AK-weighted model column is independent of #ipriori CO profiles used in the

however, that-tlhe AK-weighted column is not equivalent to the nitedeatmosphericCO

burden anymorewhich needs to be considered for the interpgmtaif the results

GOME-2 is a ultra violet - visibile (UV-VIS) and RI sensor designed to provide global
observations of atmospheric trace gases. GOMEe2 fh a sun-synchronous orbit with an
equator crossing time of 09:30 LT in descending enadd has a footprint of 40 x 80 km.
Here, tropospheric vertcial columns of pl@&hd HCHO have been computed using a three
step approach. First, the Differential Optical Afpgimn Spectroscopy (DOAS; Platt, 1994)

method is applied to measured spectra which yighdstotal slant column. The DOAS
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method is applied in a 425-497 nm wavelength wingBwhter et al., 2011) for NOand

between 337 and 353 nm for HCH®rekoussis et al., 20105econd, the reference sector

approach is applied to total slant columns for tefsgheric correction. In a last step,
tropospheric slant columns are converted to tropesp vertical columns by applying an air
mass factor. Only data with cloud fractions smaltem 0.2 according to the FRESCO cloud
data base (Wang et al., 2008) are used here. [Fonthe, retrievals are limited to maximum
solar zenith angles of 85° for NO2 and 60° for HCH@ncertainties in N@ satellite
retrievals are large and depend on the region aados. Winter values in mid and high
latitudes are usually associated with larger emargins. As a rough estimate, systematic
uncertainties in regions with significant polluti@me of the order of 20% — 30%. As the
HCHO retrieval is performed in the UV part of th@estrum where less light is available and
the HCHO absorption signal is smaller than thaN@f2, the uncertainty of monthly mean
HCHO columns is relatively large (20% — 40%) anthbwoise and systematic offsets have an
influence on the results. However, absolute valaed seasonality are retrieved more

accurately over HCHO hotspots.

For comparison to GOME-2 data, model data areaadlyiintegratedvithout applying AKto

and then sampled to match the location of availaliad free satellite data, which has been
gridded to match the model resolution. The resgltitaily files are then averaged over

months for both satellite and model data to redbheeoise.

3.3 Tropospheric Ozone

Figure 2Figure-Zhows the monthly means of @lume mixing ratios in the pressure ranges
surface to 700 hPa (lower troposphere, LT) 70044R8 (middle troposphere, MT) and 400-
200 hPa (upper troposphere UT) observed by sonddsaseraged over Europe, North
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Figure 3Figure-Bhows the same &sgure 2Figure-Zor the Tropics, Arctic and Antarctica.
A more detailed breakdown of North America (Candeiastern and Western United States)

and the Tropics (Atlantic/Africa, equatorial Ameas and Eastern Indian Ocean/Western

Pacific) following Times et al. (2012) is presentedhe supplemenThe observations have a

pronounced spring maximum for UTz;@ver Europe, North America and East Asia and a
more gradually developing maximum in late springl @aummer in MT and LT. The LT
seasonal cycle is well re-produced in all runstifier areas of the Northern Hemisphere (NH).
In Europe, REAN tends to overestimate by about b where the C-IFS and MOZ have
almost no bias before the annual maximum in Maytdpam a small negative bias in spring.
Later in the year, C-IFS tends to overestimateuituran, whereas MOZ overestimates more
in late summer. In MT over Europe C-IFS agreeshdlijgbetter with the observations than
MOZ. MOZ overestimates in winter and spring and thwerestimation is more prominent in
the UT, where MOZ is biased high throughout thery&his overestimation in UT is highest
in spring, where it can be 25% and more. Theserfgeshow that data assimilation in REAN
improved UT Q considerably but had only little influence in LRdaMT. The overestimation
of MOZ in UT seems to be caused by increased sphatric Q rather than a more efficient

transport as lower stratospherig Was overestimated in MOZ. The good agreement -
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with observation in UT in all three regions is algmesent in a run without nudging to
stratospheric @ It is therefore not a consequence of the usesifralated observations in C-
IFS (CBO05).

Over North-America the spring time underestimatigrC-IFS and MOZ is more pronounced

than over Europelhe underestimation occurs in all regions but veagdst in early spring

over Canada. C-IFS also underestimates spring otwoeghout North America in MT. LT

summer time ozone was overestimated in North Aradricall models, in particular over the
Eastern United States. The bias of C-IFS was thadlsst in LT but in contrast to MOZ and

REAN C-IFS underestimates summer time ozone in Mdr ahe Eastern United States. The

overestimation of UT ozone by MOZ was most pronegndn Canada—C-H=S—also
underestimated—MT—Dobservations—in—this—period—whereas MOZ and REAlR

In East Asia all runs overestimate by 5-10 ppbTnand MT especially in autumn and winter.

In the northern high latitudes (
03 13 sites in Tropics 03 8 sites in Antarctic 03 10 sites in Artic
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Figure 3Figure-Bthe negative spring bias appears in all runsTirahd only for C-IFS in MT.
As in the other regions, MOZ greatly overestimai@sOs.
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Averaged over the tropics, the annual variabiktypélow 10 ppb with maxima in Mandin
September caused by the dry season in South-Am@vag) and Africa (SeptemberThe
variability is well reproduced and biases are myobtlow 5 ppb in the whole troposphere.
Note that the 400-200 hPa range (UT) in the trofsckess influenced by the stratosphere
because of the higher tropopause. C-IFS had sniadlees because of lower values in LT and

higher values in MT and UT than MOZA more detailed analysis for different tropical

regions shows that the seasonality is well capturedall models over Atlantic-Africa,

equatorial America and eastern Indian Ocean/We§tanific in all three tropospheric levels.

However, the strong observed monthly anomaliesb&eivation glitch ? by one station) in

equatorial America in March and September were mgsdienated by up to 20 ppb in all

tropospheric levels.

Over the Arctic C-IFS and MOZ reproduce the seasoyre, which peaks in late spring, but
generally underestimate the observations in LTESad a smaller bias in LT than MOZ but
had a larger negative bias in MT. The biggest impnaent of C-IFS w.r.t to MOZ occurred
at the surface in Antarctica as the biases comptarédde GAW surface observations were
greatly reduced. Notably, the assimilation (REA&Y to increased biases for LT and M%, O
in particular during polar night when UV satellidservations are not available as already

discussed in Flemming et al. (2011a).

The ability of the models to simulate; @ear the surface is tested with rural AirBase and

EMEP stations (see section 3.2).
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Figure 4Figure-4shows monthly means artdgure 5kigure-3he average diurnal cycle in
different season in Europe. All runs underestinmtsthly mean @in spring and winter and

overestimate it in late summer and autumn. The estination in summer was largest in

MOZ._The recently reported (Val Martin at al. 2014) rmgscoupling of the leaf area index

to the leaf and stomatal vegetation resistancéénctalculation of dry deposition velocities

could be an explanation of the MOZ bhia#hile the overestimation appeared also with
respect to the ozonesondes in LT (Begure 2Figure-2left) the spring time underestimation
was less pronounced in LT.

The comparison of the diurnal cycle with observadig-igure 5Figure-pshows that C-IFS
produced a more realistic diurnal cycle than the 2ABT model. The diurnal variability
simulated by the MOZART model is much less pronaghthan the observations suggest.
The diurnal cycle of C-IFS and REAN were similahi§ finding can be explained by the fact
that C-IFS and REAN use the IFS diffusion schemeraais MOZART applies the diffusion
scheme of the MOZART CTM.
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The negative bias of C-IFS in winter and springisenainly caused by an underestimation
of the night time values whereas the overestimatfche summer and autumn average values
in C-IFS were caused by an overestimation of thetidee values. However, the
overestimation of the summer night time values YAART seems to be a strong

contribution to the average overestimation in ggason.

3.4 Carbon Monoxide

The seasonality of CO is mainly driven by its chemhilifetime, which is lower in summer
because of increased photochemical activity. Tlasa@®al cycle of the CO emissions plays
also an important role in the case of biomass bgrand high anthropogenic emissions. The
global distribution of total column CO retrievecbfn MOPITT and from AK weighted
columns simulated by C-IFS, MOZ and REAN is shown April 2008 in Figure 6 and for
August in Figure 7. April and August have been deleé because they are the months of the
NH CO maximum and minimum. C-IFS reproduced wed Ititation of theobserved global
maxima in North-America, Europe and China as welihe biomass burning signal in Central
Africa. However, there was a widespread underesittmaf the MOPITT values in the NH,
which was strongest over European Russia and NortBaina. Tropical CO was slightly
overestimated but more strongly over Southeast Asidpril at the end of the biomass
burning season in this region. The lower CO colunmsnid- and high latitudes in the
Southern Hemisphere (SH) were underestimated. dime global gradients of the bias were
found in MOZ and REAN. The negative NH bias in Apof MOZ is however more
pronounced but the positive bias in the tropicslightly reduced. The bias of MOZ seems
stronger over the entire land surface in NH and predominately in the areas with high
emission. This is consistent with the finding oiStet al. (2014) that dry deposition, besides
underestimated emissions, contributes to the lamggative biases in NH in MOZ.
Assimilating MOPITT (V4) in REAN led to much redutéiases everywhere even though
the sign of bias in NH, Tropics and SH remainedAlyust, the NH bias is reduced but the
hemispheric pattern of the CO bias was similarragpril for all runs. The only regional
exception from the general overestimation in tlopits is the strong underestimation of CO
in the biomass burning maximum in Southern Afrighjch points to an underestimation of

the GFAS biomass burning emissions in that area.

More insight iio the seasonal cycle and the vertical CO distrilmutian be obtained from
MOZAIC aircraft profiles. CO profiles at Frankfu(Figure 8, left) provide a continuous
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record with about 2 - 6 observations per day. Asaaly reported in Inness et al. (2013) and
Stein et al. (2014), MOZ underestimates strongly@d with a negative bias of 40 - 60 ppb
throughout the whole year. The highest underesiimatccurred in April and May, i.e. at the
time of the observed CO maximum. C-IFS CBO05 alsteuestimates CO but with a smaller
negative bias in the range of 20-40 ppb even thaugked the same CO emission data as
MOZ. REAN has the lowest bias throughout the yadrthe improvement is more important
in winter and early spring. The comparison overdam which is representative for 4 and 22

FEigbre—10-The seasonal variability of LT CO from MOZAIC arldetmodel runs in North-

America is very similar to the one in Europe (FE@&, right). The late winter and spring bias

is slightly increased whereas the summer time Wi lower for all models. The surface bias
in winter and spring of MOZ, C-IFS and REAN is abek0, -40 and -20 ppb respectively. In
the rest of the year REAN and C-IFS have a biabofit -15 ppb whereas the bias of MOZ is

about twice as large.

MT CO was very well produced by REAN in Europe atarth-America probably because
MOPITT has the highest sensitivity at this leveheTMT bias of C-IFS is about 75% of the
bias of MOZ, which underestimates by about 30 gpbthe UT the CO biases are for all
models mostly below 10ppb, i.e. about 10 %. C-IBS dwverall the smallest CO bias whereas
REAN tends to overestimate and MOZ to underestir@@eover Europe and North America.

CO observed by MOZAIC over Windhoek (Figure 9, niichas a pronounced maximum in
September because of the seasonality of biomassniguin this region. Although all runs
show increased CO in this period, the models witlssimilation were less able to reproduce
the high observed CO values and are biased lovo WD tppb in LT and MT. Biases were
much reduced, i.e. mostly within 10 ppb, during tlest of the year. The assimilation in
REAN greatly reduces the bias in the biomass bgrmeriod. In UT C-IFS had slightly
smaller biases of about 10 ppb than MOZ and REANess complete record of the seasonal
variability is available for Caracas (Figure 9tlefAll models tend to underestimate UT and
MT CO maxima in April by about 20% but in contréstWindhoek the C-IFS and not REAN
has the smallest bias in LT. Hyderabad (Figureighty is the only observation site were a

substantial overestimation of CO in LT and UT isgant even though the observations are in
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the range of 150 - 250 ppb, which is mostly higthen at any of the other airports discussed.
All models overestimate the seasonality becauserofunderestimation in JJA and an
overestimation during the rest of the year.

-The outcome of the comparison with LT CO from MOZA consistent with the model bias
with respect to the GAW surface observations inoBafFigure 10). The winter biases were
larger than summer biases and MOZ showed the la rstimation i y

located-in-theAlpineregion.—shewn-inFigure The GAW stations measuring CO are
mostly located on mountains in the Alpine regiod &pical annual biases were about - 5, -
20 and -35 ppb for REAN, C-IFS and MOZ respectivdlige negative biases of stations in

flatter terrain such as Kollumerward tended todrger.

3.5 Nitrogen dioxide

The global maxima of N@are located in areas of high anthropogenic anch&#gs burning
NO emissions. The global annual distribution of wairtropospheric columns retrieved from
the GOME-2 instrument and simulated by the models hown in
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Figure 11Figure-11C-IFS, MOZ and REAN showed a very similar digttibn, which can be
explained by that fact that the same NO emissida deere used in all runs. The global
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patterns of the modelled fields resemble the oleskannual patterns to a large extent. But the

models tend to underestimate the high observedesailu East-Asia and Europe and also

simulate too little N@in larger areas of medium observed Névels in Asia and Central
Africa as well as in the outflow areas over the Watantic and West Pacific Ocean. This

could mean that NO emissions in the most polluteshs are too low but also that the

species such as PAN and the lack of alkyl nitrate€B05 might be the reason for the

underestimation.

The
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Figure 12Figure-dpfor different regions and months shows that tegh@ric NQ columns

h ‘[ Formatted: Subscript

over Europe, North America, South Africa and EastaAare reasonably reproduced. The

models tend to underestimate tropospheric columas Burope in summer (sé@able 2Table

2 for area descriptions). However, the evaluatiothv@AW surface stations mainly from

Central and Eastern Europe (
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Figure 13Figure—33revealed an overestimation by all models in winéed a small
overestimation in summer for REAN and C-IFS. Alhsusignificantly underestimate the
annual cycle of the GOME-2 NQropospheric columns over East-Asia. The wintereti
values are only half of the observations whereassummer models agree well with
observations. In Southern Africa (20°S/0°S/15°BEY¥%° the models overestimate the
increased N@values in the biomass burning season by a factout Zhow good agreement

with observations in the rest of the ye@he overestimation during biomass burning events

could be related to the assumed NO emission factor.

3.6 HCHO
On the global scale HCHO is mainly chemically proehl by the oxidation of isoprene and

CH,. Isoprene is emitted by vegetation. On the redist@mle HCHO emissions from
anthropogenic sources, vegetation and biomassrguatso contribute to the HCHO burden.
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The annual average of tropospheric HCHO retrievethfGOME-2 and from the model runs

is shown in
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Figure 14Figure—14The observations show higher values in the tsopind the NH and

maxima in the rain forest regions of South Amergeal Central Africa and in South East

Asia. The simulated fields of the three runs areyv&@milar. C-IFS, MOZ and REAN

reproduce the observed global patterns but shomal $ut widespread underestimation in
the NH extra-Tropics and in industrialized East @AsOn the other hand HCHO is

overestimated in Indonesia.
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Figure 15Figure-1shows model time series of tropospheric HCHO ajainrresponding

GOME-2 satellite retrievals for selected regionke Thodels underestimated satellite values

over East-Asia especially in summer and overesémdCHO columns for Indonesia
(5°S/5°N/100°E/120°E) throughout the year. The seakty in Southern Africa (not shown)
and tropical South America (10°S/5°S/73°W/35°Wwiall captured in particular by C-IFS.
All models also reproduced the observations rathell for the Eastern United States
(30°N/40°N/90°W/75°W), but tend to underestimatenteitime HCHO columns for this

region.

3.7

SO, was evaluated with available GAW surface obsermatioom Central and Eastern

Sulfur dioxide

Europe. There were considerable differences ipénmrmance for individual stations often
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caused by local effects not resolved by the modelsummarize the evaluation for 8O

SO2 (ppbv) Median FC & OB. Model versus GAW.
21 sites in Europe. 1 Jan 2008 - 29 Dec 2008. FC start hrs=00Z. T+0 to 21.
—— obs —— C-IFS —— MOZ —— REAN
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Figure 16Figure-1&hows the median of weekly observed and modeihad series. REAN
and MOZ greatly exaggerated the seasonal cycle she values in winter were up to eight
times larger than the median of the observatiot® Jummer values of the two runs were
about 50% higher than the observations. C-IFS viadhb better the weak seasonality of the
observations but suffered from a nearly constaa bf about 1 ppb (100%), which was much
smaller than the bias of REAN and MOZ in winter blightly higher in summer. Overall, the

on-line integration of C-IFS showed lower Sialases.

As no SQ observations were assimilated in REAN and ideh& emission were used, the
differences between the runs were caused by diféeein the simulation of vertical mixing,
sulphur chemistry and wet and dry deposition inFS-and MOZART. The winter time bias
of REAN and MOZ could be introduced by the diffusecheme in MOZART.

3.8 Computational cost

The computational cost is an important factor fer dperational applications in CAMS. The
computational cost of different configurations BBl C-IFS and IFS-MOZART are given in
Table 3Fable-3Computational cost is expressed in billing ufigs)) of the ECMWF IBM
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Power 7 super-computer. BUs are proportional tantimaber of used Central Processing Unit

(CPU) times the simulation time.

The increase of cost because of the simulatioheofXB05 chemistry with respect to an NWP
run is about a factor 4 at the resolutions T15®kid), T255 (80 km) and T511 (40 km). C-
IFS (CBO05) is about 8 times more efficient than ¢cbepled system IFS-MOZART at a T159
resolution and about 15 times more at a T255 réisoluThis strong relative increase in cost
of IFS-MOZART is caused by the increasing memorguieements of the IFS at higher

resolution, or also in data assimilation motwever, there is insufficient parallelism in

MOZART to exploit the larger number of CPU for sdang up the simulation of the coupled

C-IFS with the MOZART chemical mechanism, i.e. #@me chemistry scheme as in IFS-
MOZART, is about 2 times and C-IFS with RACMOBUStihes more costly than C-IFS
(CBO5) at a T159 resolution. Both the MOZART and RACMOBUS schemes encompass a
larger number of species and reactions and includiell stratospheric chemistry scheme,
which is missing in CB0O5The overhead because of the doubled number oftcgetVepecies
in C-IFS RACMOBUS and MOZART is however small besawf the efficency of the SL

advection scheme.

4 Summary and outlook

Modules for the simulation of atmospheric chemistaye been implemented on-line in the
Integrated Forecasting System (IFS) of ECMWF. Thenaistry scheme complements the
already integrated modules for aerosol and greesthagases as part of the IFS for
atmospheric composition (C-IFS). C-IFS for chemnyisteplaces the coupled system IFS-
MOZART for forecast and assimilation of reactivesgs within the pre-operational

Copernicus Atmosphere Monitoring Service.

C-IFS applies the chemical mechanism CBO05, whiccidees tropospheric chemistry with
55 species and 126 reactions. C-IFS benefits fremdetailed cloud and precipitation physics
of the IFS for the calculation of wet depositiorddightning NO emission. Wet deposition
modelling is based on Jacob (2000) and accounthésub-grid scale distribution of clouds
and precipitation. Dry deposition is modelled usipge-calculated monthly-mean dry

deposition velocities following (Wesely, 1989) withsuperimposed diurnal cycle. Surface
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emissions and dry depostion fluxes are appliediace boundary condtions of the diffusion
scheme. Lightning emissions of NO can be calculattwr by cloud height (Price and Rind,
1993) or by convective precipitation (Meijer et, @0010). The latter parameterization was
used in this study. The anthropogenic emissiong waen from the MACCity inventory and

biomass burning emissions from the GFAS data $&2Go8.

An evaluation for the troposphere of a simulation2008 with C-IFS (CB05) and the
MOZART CTM (MOZ) as well as with the MACC re-analyfREAN) was carried out. The
model results were compared against ozonesondeZAMOCO aircraft profiles, European
surface observations of;0CO, SQ and NQ and global satellite retrievals of CO, dénd
HCHO. The evaluation showed that C-IFS preformstebedr with similar accuracy as
MOZART and mostly of similar quality as the MACC-aealysis. It should be noted that
satellite retrievals of CO, £and NQ were assimilated in the MACC re-analysis to improve
the realism of the fields simulated by IFS-MOZART.

In comparison to MOZ, C-IFS (CB05) had smallerskm (i) for CO in the Northern
Hemisphere, (ii) for @in the upper troposphere and (ii) for winter-ti®@, at the surface in
Europe. Further, the diurnal cycle of surface @sted with rural European Air quality
observations, showed greater realism in the C-IFfalation. As both models used the same
emission data, the improvements can be explainedhbydifferences in the chemical
mechanism and the simulation of wet and dry dejpositHHowever, the improvements in 5O
and the diurnal cycle of £are most probably caused by the more consistéetpiay of

diffusion and sink and sources processes in theerintegrated C-IFS.

There is still room for improvement of C-IFS (CBO3) underestimated surface; @ver
Europe and North America in spring and overestichatteén late summer and autumn. CO
was still underestimated by C-IFS in particulaEimrope and North America throughout the
year but more in spring and winter, and in the lasiesnburning season in Africa. Winter time
tropospheric N@over China as retrieved from the GOME-2 instrumeas two times higher
than the fields modelled by C-IFS, MOZART and thAGL re-analysis.

Although only one chemical mechanism is descrilvethé paper, C-IFS is a model that can
apply multiple chemistry schemes. The implementatid the chemistry schemes of the
CTMs MOCAGE and MOZART has technically been comgdebut further optimisation and

evaluation is required. Both schemes offer a dg8ori of stratospheric chemistry, which is

not included in the tropospheric scheme CBO05. ks rieason it is intended to combine the
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CBO05 mechanism with the BASCOE stratospheric meshanAn inter-comparison of the

performance of the different chemical mechanisplasned.

It is foreseen to further improve the link betweka physics and chemistry packages in IFS.
For example, the detailed information from the I§i8face scheme will be utilised for the
calculation of dry deposition and biogenic emissiof first important step is to replace the
climatological dry deposition velocities with-ondircalculated values. Further, the impact of
the simulated ©fields, once the stratospheric chemistry is futhplemented, on the IFS
radiation scheme and the corresponding feedbackthen temperature fields will be

investigated.

Another ongoing development is to link more clostlg greenhouse gas, aerosol and gas-
phase chemistry modules of C-IFS. Relevant chenimaversion terms can already be fed to
the GLOMAP aerosol (Mann et al, 2010) module fae timulation of secondary aerosols.
The calculation of photolysis rates can accounttierpresence of aerosols, and H@take

on aerosols can be simulated (Huijnen et al., 2014)

In summary, C-IFS is a new global chemistry weathedel for forecast and assimilation of
atmospheric composition. C-IFS (CB05) has alreadgnbsuccessfully applied in data
assimilation mode and a paper on the subject féparation (Inness et al., 2014). C-IFS
offers improvements over the coupled system IFS-MRZ because (i) it simulates several
trace gas C-IFS (CBO05)es with better accuracy,it(ii} computational several times more
efficient in particular at high resolution and Xiit better facilitates the implementation of
feedback processes between gas-phase and acrosesgrs as well as between atmospheric

composition and meteorology.
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1539
1540
1541
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1543

Table 1 Annual emissions from anthropogenic, biggemd natural sources and biomass
burning for 2008 in Tg for a C-IFS (CBO05) run at5B2resolution. Anthropogenic NO

emissions contain a contribution of 1.8 Tg airceaftissions and 12.3 Tg (5.7 Tg N) lightning

emissions (LINO) is added in the biomass burnirigroos.

Species Anthropogenic Biogenic arRlomass burning
natural

(6{0) 584 96 328

NO 70+1.8 10 9.2 + 12.3 (LINO)

HCHO 34 4.0 4.9

CH;OH 2.2 159 8.5

CoHe 3.4 11 2.3

C,HsOH 31 0 0

CoHy 7.7 18 4.3

CsHg 4.0 1.3 1.2

CsHe 35 7.6 2.5

Parafins (Tg C) 31 18 1.7

Olefines (Tg C) 2.4 0 0.7

Aldehydes (Tg C) 1.1 6.1 2.1

CH3;COCH; 1.3 28 24

Isoprene 0 523 0

Terpenes 0 97 0

SO 98 9 2.2

DMS 0 38 0.2

NH; 40 11 6.2
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1544 Table 2 Ozone sondes sites used in the evaluatiatiifferent regions

Region Area S/W/N/E Stations (Number of observajon

Europe 35°N/20°W/60°N/40°E  Barajas (52), DeBilt Y57Hohenpeissenberg
(126), Legionowo (48), Lindenberg(52),
Observatoire de Haute-Provence (46), Payerne
(158), Prague (49), Uccle (142 ) and Valentia

Observatory (49)
North 30°N/135°W/60°N/60°W Boulder (65), Bratts Lake (61), Churchill (61),
America: Egbert (29), Goose Bay (47), Kelowna (72),

Stony Plain (77), Wallops (51), Yarmouth (60),
Narragansett (7) and Trinidad Head (35)

Arctic: 60°N/180°W/90°N/180°E Alert (52), Eureka (83), Keflavik (8), Lerwick
(49), Ny-Aalesund (77), Resolute (63),
Scoresbysund (54), Sodankyla (63), Summit (81)
and Thule(15)

Tropics 20°S/180°W/20°N/180°EAlajuela (47), Ascension Island (32), Hilo (47),
Kuala Lumpur (24), Nairobi (39), Natal (48),
Paramaribo (35), Poona (13), Samoa (33), San
Cristobal (28), Suva (28), Thiruvananthapuram
(12) and Watukosek (19)

East Asia 15°N/100°E/45°N/142°E Hong Kong Obsemat (49), Naha (37),
Sapporo (42) and Tateno Tsukuba (49)

Antarctic 90°S/180°W/60°S/180°E Davis (24), DumaiUrville (38), Maitri (9),
Marambio (66), Neumayer (72), South Pole (63),
Syowa( 41) and McMurdo (18)
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1546
1547

1548
1549

Table 3 Computational cost (BU) of a 24 h forecas$tdifferent horizontal model resolutions
(60 levels) and chemistry schemes of C-IFS, IFS-MBZ and IFS, *not fully optimised.

Resoluton  IFS-MOZART  C-IFS C-IFS C-IFS IFS
(MOZART)*  (MOCAGE)* (CBO5)

T159 205 56 147 20 6
T255 1200 - - 55 12
T511 - - - 700 125
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1550

1551 Figure 1 Flash density in flashes/(kgr) from the IFS input data using the paramet¢iona
1552 by Price and Rind (1992) (left), Meijer et al. (20@middle) and observations from the LIS
1553 OTD data base (right). All fields were scaled tcaanual flash density of 46 fl/s.
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Figure 2 Tropospheric ozone volume mixing ratiopbpover Europe (left) and North-
America (middle) and East Asia (right) averagedtle pressure range 1000-700 hPa
(bottom), 700-400 hPa (middle) and 400-200 hPa) (diyserved by ozonesondes (black) and
simulated by C-IFS (red), MOZ (blue) and REAN (greim 2008.
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1562 | Figure 3 Tropospheric ozone volume mixing ratiogb{pover the Tropics (lefthntarctica
1563 | Asctic-(middle) andArctic Antaretica(right) averaged in the pressure bands 1000-700 hPa
1564 (bottom), 700-400 hPa (middle) and 400-200 hPa) (tolpserved by ozonesondes and
1565 simulated by C-IFS (red), MOZ (blue) and REAN (grem 2008.
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1569 Figure 4 Annual cycle of the mean ozone volume mgxiatios (ppb) at rural sites of the
1570 EMEP and AirBase data base and simulated by C+#&§,(MOZ (blue) and REAN (green).
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Figure 5 Diurnal cycle of surface ozone volume mixratios (ppb) over Europe in winter
(top, left), spring (top, right), summer (bottoraft) and autumn (bottom, right) at rural site of
the EMEP and AirBase data base and simulated bySC(ted), MOZ (blue) and REAN
(green).
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Figure 6 CO total column retrieval (MOPITT V6) fépril 2008 (top left) and simulated by
C-IFS (top right), MOZ (bottom left) and REAN (both right), AK are applied.
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1582 Figure 7 CO total column retrieval (MOPITT V6) faugust 2008 (top left) and simulated by
1583 C-IFS (top right), MOZ (bottom right) and REAN (botn left), AK are applied.
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1586 Figure 8 CO volume mixing ratios (ppb) over Framkffleft), London (middle) and North
1587 | America (left, averaged ove86 airports) averaged in the pressure bands 1000RFGD
1588 (bottom), 700-400 hPa (middle) and 400-200 hPa) (ddyserved by MOZAIC and simulated
1589 by C-IFS (red), MOZ (blue) and REAN (green) in 2008
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1593 Figure 9 CO volume mixing ratios (ppb) over Carag¢kst) Windhoek (middle) and
1594 Hyderabad (right) averaged in the pressure ban@-I00 hPa (bottom), 700-400 hPa
1595 (middle) and 400-200 hPa (top) observed by MOZAdad simulated by C-IFS (red), MOZ
1596 (blue) and REAN (green) in 2008.
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CO (ppbv) Median FC & OB. Model versus GAW.
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1601 Figure 10 Time series of median of weekly CO swefaglume mixing ratios (ppb) in Europe
1602 (13 GAW sites) and model results of C-IFS, MOZ &igAN.
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1606 Figure 11 NQ tropospheric column retrieval (GOME-2) for 2008p(teft) and by C-IFS (top
1607 right), REAN (bottom right) and MOZ (bottom left)
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1610 Figure 12 Time series of area-averaged tropospiNGis columns [16° molec cm-2] from
1611 GOME-2 compared to model results of C-IFS (CBO3)€h MOZ (red) and REAN (green)
1612 for different regions.
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Figure 13 Time series of median of weekly surfad®, Nolume mixing ratios (ppb) in
Europe (20 GAW sites) and model results of C-IF®Ahand REAN.
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Figure 14 HCHO tropospheric column retrieval (GOIZEfor 2008 (top left) and by C-IFS
(top right), REAN (bottom right) and MOZ (bottontftle

75



1627

1628
1629

1630
1631

1632

Tropospheric HCHO above Indonesia

3.0

20

HCHO Vertical Column [10" molec/cm’]

—O— GOME-2
—6— CIFS
—e— Moz
—6— REAN

L L ! L 1

HCHO Vertical Column [10" molec/cm’]

Tropospheric HCHO above Southamerica

Mar/2008 May/2008 Jul/2008 Sep/2008 Nov/2008

20

05

HCHO Vertical Column [10" molec/cm’]

0.0

HCHO Vertical Column [10" molec/cm’]

Mar/2008 May/2008 Jul/2008 Sep/2008 Nov/2008

3.0

25

20

3.0

25

20

Tropospheric HCHO above East-Asia

T

—O— GOME-2
—6— CIFS
—e— Moz
—6— REAN

Mar/2008 May/2008 Jul/2008 Sep/2008 Nov/2008

Tropospheric HCHO above Eastern US

—6— GOME-2
—6— CIFS
—e— Moz
—o— REAN

Mar/2008 May/2008 Jul/2008 Sep/2008 Nov/2008
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