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Response to Review #1

We thank reviewer #1 for the review, the insightfoimments to the paper and for his/her
endurance to read the long paper.

We will respond to the review point by point. Tleviewer's comments are included in bold

italics.

| think this is a standard paper describing a redyais product. It is likely to be useful to
the scientific community; however, it is a bit di€ult to read, partly owing to its length.

We appreciate the reviewer’s concern that the peplemg. However, we prefer to present
all considered species in one paper because theypreduced by the CAMS system in one

combined assimilation experiment.

The paper should be accepted for publication onbe tuthors address a series of points,
detailed in the specific comments and technical coents. They largely concern

quantification and/or clarification of statements ate.
Specific comments:
L. 32: Indicate why ozone at the surface cannotibgroved by the assimilation.

The surface values could potentially be changethéyollowing processes: (i) direct addition
of observation increments close to the surfaceti{@ impact of non-surface observations or
the observation of other species by means of the@eitmackward error co-variances and (iii)
the downward transport of ozone from levels whbheedssimilation changed the ozone fields.

We think that the impact of any of these threedectvas eliminated at the lowest model

levels by the strength of the ozone dry depositiod titration with NO near the surface.

CAMSIRA did not assimilate any surface observations satellite retrievals for the lower
troposphere. Only total columns and stratosphernafilp data were assimilated. The
background error co-variances calculated with thdCONmethod did not provide enough
impact for strong non-local vertical influence, wiiwould have led to an alteration at
surface. Also, species-to-species back-ground eooelation were not implemented in the
applied 4D-VAR method.
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We added in the abstract:

... because of the strong impact of surface preegsuch as dry deposition and titration

with nitrogen monoxide (NO), which were both notinged by the assimilation. *

We add in the conclusion section when we discussedreasons for the small influence
(L1147)

“ ... nor that the vertical correlations in the motkelckground errors were strong enough to

cause a correction of the surface levels basetetevels above. “

L. 56: Quantify the “sufficient accuracy”.

We can not quantify this rather general statemahte changed it as follows:

“ .. with an accuracy sufficient to have an impaiting the assimilation. “

L. 58: Provide details of the surface properties.

We clarified the statement by replacing “surfaceperties” with “surface albedo”.
L. 109: List the key species.

We changed the text as follows:

“... the aerosol variables and key chemical speaieh s ozone, HN N2Os, NO, NGO,
PAN and SQonly".

L. 208: Why did you use scenario 8.5 instead of #rey one?
The scenario was chosen by the producers of the A data set (Granier et al. ,2011)
We added “... obtained in the MACCity emissions ...”

L. 286-287: Did you use the averaging kernels fatd other than MOPITT? Explain your
choices.

We add

“For the ozone retrieval averaging kernels wereusad because they were not provided or
did not improve the analysis. For example, the hightical resolution of the MLS ozone
retrievals in the stratosphere made the use of atkhecessary. “

The L. 291: The data used are flagged “good” or ritagged “bad”?
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Yes, this is the case. The retrieval data includaality flag given by the providers

L. 375: Does the decrease in the burden indicateasitive result from the assimilation?
Yes, because there is a better agreement with @BIVIT total column retrievals.

L. 397: Explain in the text why you do not assimi&aMOPITT observations over the Arctic.

Larger biases and errors in the retrievals occuhigih latitudes because of low thermal

contrast. It is a recommendation by the data pergidiot to assimilate data in high latitudes.
We added: “... because of the higher biases of t&d’MT data in this region.”

L. 451: Why is there only a little effect on the dace? Why are there no changes between
CR and CAMSiRa from the assimilation?

See our response above
L. 471: Is it reasonable to calculate a linear trdd What assumptions do you make?

It is a valid to comment to question the underlyasgumption (i.e. a linearity) for any type of
trend analysis. A detailed trend analysis is beytra scope of the paper. However, the
linearity of the trend seems not an unreasonaldeelwhen looking at the graphs. Our focus

Is the comparison of trends of different data sstag a unified but simple approach.
We will add:
“... and, for reasons of simplicity, only the linear’

We also point out that linear trends are often esped in units of %l/yr in the paper. We
concede that this unit is technically not consisteith a linear trend. We obtain the liner
trend as percentage by normalising the linear ti@ng. Tg/year) with the average of the

quantity over the whole period, i.e. all years.
We add at line 361

“The linear trend is as expressed as percentader@spect to the mean of the burden over the

whole period.”
L. 516: Provide references for this statement.
We added the following reference:

(Eskes et al., 2015).
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Eskes, H., Huijnen, V., Arola, A., Benedictow, Blechschmidt, A.-M., Botek, E., Boucher,
O., Bouatrar, I, Chabrillat, S., Cuevas, E., EngeR., Flentje, H., Gaudel, A., Griesfeller, J.,
Jones, L., Kapsomenakis, J., Katragkou, E., KithelLangerock, B., Razinger, M., Richter,
A., Schultz, M., Schulz, M., Sudarchikova, N., ThetuV., Vrekoussis, M., Wagner, A., and
Zerefos, C.: Validation of reactive gases and adsos1 the MACC global analysis and
forecast system, Geosci. Model Dev., 8, 3523-384810.5194/gmd-8-3523-2015, 2015.

L. 523: Is the comparison with MACCRA and CAMSIiRAIthn the errors of these

datasets?
Unfortunately, we cannot provide error estimatethefglobal burden of the two analysis sets.
L. 535: Why is there an exaggeration of the seat gahission?

As pointed out in the supplement, sea salt emissigre close to the median of the Aerocom
models. They were only at the high end of the \v&@lyigen in Boucher et al. (2015)

We amend the text as follows:

“The simulated sea salt emissions of C-IFS werdiwithe reported range in the literature
(see supplement). This suggests that the loss gsesef sea salt were underestimated in C-

IFS in comparison to other models.”
L. 594: Discuss why this seems unrealistic.
We add the following

“ ..., given that the global SO2 emission are onbsléhan 2% of the total aerosol emissions
(see supplement)”

L. 662: Quantify the trends. Explain (or remind theeader) how you test for significance.
Same for L. 751 and L. 757.

The significance of the linear trends was estimatethe 95 confidence interval. We now

repeat this information in each section.

L. 674: Provide further details of the artificial ecumulation of sulphate by the

assimilation.

We added:
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“The increase in sulphate was probably caused bignastimated loss processes for sulphate
and SQin the free and upper troposphere away from thessions sources. The relative
increase in sulphate with respect to the othersa¢rgpecies could not be corrected by the
assimilation of AOD.”

L. 767: Why is this remarkable? Because unexpect&i#ase avoid subjective comments.
We replace the statement with:

“Despite its simplicity, the Cariolle scheme in @&roduced the...”

L. 852-865: What is the fidelity of the GOZCARDStdaet?

The standard error of the GOZCARDS data set isrgagepart of the data set. The values of
the error are in the range of 10-20 ppb on theidensd region, which is about 1%. However
this error does not reflect biases. As we alreadwntian in the text, the inter-comparison of

different satellite retrievals by Tegtmeier et(@013) shows that MLS is biased low above 5
hPa (5-10%) and ACE-FTS is biased high above 10dm@abiased low below 10 hPa with

respect to the multi-instrument-mean. Since ACESEDNtributes more to the GOZCARDS

product in this region, we assume that the GOZCAd3ds are controlled by the ACE-FTS

biases.

We will quantify the biases in the text:

“ACE-FTS is biased high (5-10%) above 10 hPa arasdd low (5-10%) below 10 hPa

against the median of various retrievals. “

We corrected all technical comments.
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Response to Review #2

We thank reviewer #2 for the review, the insighttomments to the paper and for his/her

endurance to read the long paper.

We will respond to the review point by point. Tleviewer's comments are included in bold

italics
Major comments;

1. An important advantage of this study is the siltameous analysis of trace gases and
aerosols within the same data assimilation framewoHowever, it is unfortunate that their
interactions were not considered in the current thegj. More discussions on their potential
would still be useful. | suggest discussing thipio in an additional section, for instance,
how much changes in trace gas concentration canebgected using the analyzed aerosol
fields, and if these changes bring further improvemts in the trace gas analysis (and vice
versa). Although the paper is already very longepenting several sensitivity calculation
results could be helpful.

We fully agree that interactions between chemising aerosol within a data assimilation
frame work is an important topic. However, its stwdll be more the focus of ongoing and

future work and it is not the result of the worlegpented here. In the current version of the
manuscript we mention the prospects in the conmfusection (L 1155).

In the CAMSIRA (and MACCRA) no interaction betweeserosol, chemistry and
meteorology was simulated. The only potential et&éon would be the impact of the
tropospheric ozone assimilation on CO and vicearehs reported in Inness et al. (2015) the
applied system does not show a strong inter-spesymergy, in particular as no NO
retrievals were assimilated in CAMSIRA. A furthetpdanation for the lack of synergies is
that no adjoint and tangent linear formulation leé themistry scheme was applied and that

no species-to-specie background error covarianees wonsidered in our 4D-VAR approach.

In the next version of the CAMS system, the imgaciassimilated aerosols and ozone in the
radiation scheme, the impact of aerosol on photolyates and on some heterogeneous
reaction (N205, HO2) will be considered.
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To clarify that the assimilation system used fa plaper does not present these interactions to

a large extend, we add the following statemengatisn 2.4 (C-IFS data assimilation).

“A further potential interaction between the as$eid species could be introduced by the
adjoint and tangent linear representations of tlergcal mechanism and the aerosol module
as part of the 4D-VAR approach. The applied tahgeear and adjoin formulation of C-IFS
accounts only for transport processes and not thaces and sinks of atmospheric
composition. Because of this limitation and theklaaf aerosol-chemistry-meteorology
feedbacks in the C-IFS version used in this stiurdgractions among species and with the

meteorology as part of the assimilation are notasgnted in CAMSIRA. “

2. As the system was developed at meteorologicatatipnal centers, the authors may want
to discuss more about the contribution of the CAM&erim reanalysis to meteorological
and climate activities. This discussion would beefid to many readers in understanding

how the composition and aerosol reanalysis willtepful in wide research fields.

In the current version of the manuscript we mentapplications of the re-analysis of
atmospheric composition, such as boundary conditewnregional models and trace-gas

climatologies in the introduction and in the corsiuns.

We can report that new trace-gas climatologiesofmne and aerosol were compiled from
CAMSIRA and implemented in the new cycle of the rgpienal ECMWF NWP model. In
particular the reduced ozone bias in the uppetosiphiere and mesosphere led to an improved
skill in temperature forecasts in this region. See
https://software.ecmwf.int/wiki/display/FCST/Implemtation+of+IFS+Cycle+43rl1

A report/paper is in preparation but not yet retdige cited.

An other application of CAMSIRA is the analysis toénds, which we demonstrate on the
example of CO surface data (Figure 6). Finally,glaluation of model runs would be a new
application for AC re-analysis data. However, weuldloleave it (within the scope of the
paper) to the reader to decide if there is enougtiidence that CAMSIRA is well suited for
this purpose.

3. In Section 3, the differences in CO between thgstems are primarily explained by
surface emissions. There could also be clear diéieces in OH and natural CO sources by

oxidation, which may explain the CO differences.
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When discussing the global patterns of the diffeesnbetween CAMSIRA and CR we
actually come to the conclusion (L 337) that “ lolml chemical loss and production of CO
as well as problems with the large scale transpart. and less the CO emissions itself are
the reason for the biases of the model.

We find it difficult to distinguish with the disceed model runs to clarify in detail if
emissions and distribution of CO pre-courser spgesieh as VOCs and CH4 or a reduced CO
lifetime because of higher OH values are more yilkeé reasons for the identified CO biases.
In any case we conclude that the CO emissionsarthe sole reason for the CO biases.

We mention this in the conclusion of the paper {28) but will refine the statement to:

“However, the rather zonally homogeneous CO diffees between CR and CAMSIRA
suggest that not only biases in the fire emissimnsalso of the CO lifetime and chemical
production as well as the CO transport need tabestigated further. “

Specific comments:
L. 394: “Owing to the hemispheric...”. This senteaas not clear.
We reformulate as follows:

“Because of the hemispheric influence, i.e. the ispheric reduction in CO, the CO trend in

CR over Eastern China became negative in the midaip@sphere.”

L.404-407: 1t is surprising that, even after corrieg the concentration by data
assimilation, the influence of different emissionath is so large. Does this mean that the
observational constraints are insufficient to rem@the influence of a priori model errors?

Further discussions would be helpful.

In the current approach the surface emissions ateclmanged by the assimilation of CO
observations. This has been identified as a tfpiduture developments in the conclusions
(see L 1185).

The missing total agreement with the observatidriseatime of the analysis is also caused by
the relative size of the observation and backgroemor statistic. The background error for
CO is calculated using an ensemble of forecastghadnly accounts for the variability in the
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transport (winds) and not for the uncertainty af #missions. The background error at the
surface is therefore most likely underestimatedileato an “over-confidence” in the model

as part of the assimilation process.
We will add at line (L 274, Section C-IFS data askition)

“However, the ensemble did not account for the ttaggty of the emissions, which leads to

an underestimation of the background error for CO.”
And we will ad in the section on recommendation4d.{B87)

“A promising development is to enable the corractmf emissions with the C-IFS data

assimilation system based on observations of ath@wgp composition. This could also

improve the analysis of tropospheric ozone as opoeeursor emissions would be corrected.
An intermediate step in this direction is to betiecount for the emission uncertainty in the
model background error statistics. “

L. 437-440: How does the bias vary with year?

The data coverage of the MOZAIC/IAGOS data variést &o that a robust conclusion for the
year-to-year variability would be difficult to olwa However, we discuss the agreement of
the trends for surface CO observations in sectidn&hd show a good correspondents in the
observed, modelled (CR) and assimilated trends (SARW).

A conclusion of the discussion of the inter-annuaiability of the CO burdens (section 3.2)
over Europe and North-America is that there isdreiggreement between CR and CAMSIRA
at the end of the period. This could indicate tihat biases of the anthropogenic emissions
decrease from 2003 to 2015.

L. 798-799: "However, the change of...” This sentanis not clear
We reformulate as follows:

“It is not caused by the change of the assimildié® version (from V2 to V3.4) because this
took place already at the beginning of 2013 (sd®era).”

L. 1008-1010: How long was the spin-up period?
The MACCRA was started on the 1.12.2002 (Innesd. &013)

We add “ ...and the short spin-up period of only Inth®
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Abstract

A new global reanalysis data set of atmosphericpmsition (AC) for the period 2003-2015
has been produced by the Copernicus Atmospherettorg Service (CAMS). Satellite
observations of total column (TC) carbon monoxid®J and aerosol optical depth (AOD) as
well as several TC and profile observation of ozbage been assimilated with the Integrated
Forecasting System for Composition (C-IFS) of thedpean Centre for Medium-Range
Weather Forecasting. Compared to the previous MA€@alysis (MACCRA), the new
CAMS interim reanalysis (CAMSIRA) is of a coarserizontal resolution of about 110 km
compared to 80 km but covers a longer period Wighibtent to be continued to present day.
This paper compares CAMSIRA against MACCRA and r@trad experiment (CR) without
assimilation of AC retrievals. CAMSIRA has smalteases than CR with respect to
independent observations of CO, AOD and stratospbeone. However, ozone at the

surface could not be improved by the assimilatienause of the strong impact of surface

processes such as dry deposition and titration mitbgen monoxide (NO), which were both

not changed by the assimilatioiThe assimilation of AOD led to a global reductidrsea

salt and desert dust as well as an exaggerateshsein sulphate. Compared to MACCRA,
CAMSIRA had smaller biases for AOD, surface CO @fdozone as well as for upper
stratospheric and tropospheric ozone. Finallyteéngporal consistency of CAMSIRA was
clearly better than the one of MACCRA. This was achievediding a revised emission data
set as well as by applying a careful selectionlaad-correction of the assimilated retrievals.
CAMSIRA is therefore better suited than MACCRA tbe study of inter-annual variability
than MACCRA as demonstrated for trends in surfaCe C

12



297 1 |Introduction

298  Exploiting the multitude of satellite observatiasfsatmospheric composition (AC) is a key
299 objective of the Copernicus Atmosphere Monitoriregvice (CAMS). For its global

300 component CAMS uses the four-dimensional variatighia-VAR) data assimilation

301 technique to combine satellite observations withnaistry-aerosol modelling to obtain a
302 gridded continuous representation (analysis) ofitlags mixing ratios of atmospheric trace

303 gases and aerosols.

304 The global CAMS system is built on the heritagéhef EU-funded GEMS (Hollingsworth et
305 al., 2008) and series of MACC projects at the EaampCentre for Medium-Range Weather
306 Forecasts (ECMWEF). During these projects the Iatisgl Forecasting System (IFS) of

307 ECMWEF was extended by modules for atmospheric chieyniaerosols and greenhouse gases
308 in such a way that the 4D-VAR data assimilatiortesys which had been developed for the

309 analysis of the meteorological fields, could beduse the assimilation of AC retrievals.

310 Assimilating satellite AC retrievals into an AC neddhas advantages to the sole use of the
311 AC retrievals because of their specific limitatioRgst, only a small subset of the trace gases
312 or only total aerosol is directly observable watth accuracy sufficient to have an impact

313 during the assimilation—sufficient-aceura®gcond, AC satellite retrievals have incomplete
314 horizontal coverage because of the orbital cyaeywng geometry, the presence of clouds
315 and other factors such as surfaledoeprepertiesThird, the vertical distribution of the trace

316 species can often not or only rather coarsely tieeved from the satellite observations, while
317 the measurement sensitivity towards the surfagenrally low.

318 The AC analyses are used to (i) initialise AC mddetcasts and (ii) for the retrospective
319 analysis (reanalysis) of AC for air quality anchahite studies. The reanalysis of the

320 meteorological fields has been an important agtitECMWF (ERA-40, Uppala et al.,

321 2005, ERA interim Dee et al., 2011) and other nretegical centres such as NCEP (CFSR,
322 Sahaetal., 2010, JIMA (JRA-55, JRA-25, Onogi t24107) and NASA/DAO (MERRA,

323 Rienecker, et al., 2011). An important applicatbdrthese reanalysis data sets is the

324 estimation of the inter-annual variability and thends of climate variables over the last
325 decades up to the present day. The complete spatidlemporal coverage makes the trend
326 analysis of reanalyses more robust and univeraal ttime trend analysis of individual

327 observing systems. However, constructing a dataisieh is suited for this purpose is a

328 complex task because of the developing and charaiegrving system, which can introduce

13
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spurious trends and sudden shifts in the reanaligdesrecord. Careful quality control of the
assimilated observations and techniques (e.g. Dale 2004) to address inter-instrument

biases are applied to mitigate this problem.

Most meteorological reanalyses contain stratospltuaone but other traces gases, apart from
water vapour, are not included. In the last deaddamical and aerosol data assimilation has
matured (Bocquet et al., 2015) and dedicated rgsisatlata sets for AC have emerged. The
Multi-Sensor-Reanalysis of total ozone (van dertAle 2015) for 1970-2012 used ground
based Brewer observations to inter-calibrate seaiétrievals. The MERRAero reanalysis
(2002—present, http://gmao.gsfc.nasa.gov/reanatysisa/MERRAero/) assimilated AOD
retrievals from the two Moderate Resolution Imagir@pectroradiometer (MODIS)
instruments in the GOCART aerosol module of the GEDmodel system using the
meteorological variables of the MERRA meteorologiemalysis. Its next version, the
MERRAZ2 reanalysis, is a joint meteorological andoael reanalysis covering the period
from 1979 to present. Miyazaki et al. (2015) pwgether a tropospheric chemistry reanalysis
using a Kalman filter approach for the years 2008-22 They use the CHASER Chemical
transport model (CTM) to assimilate retrievals mippspheric ozone and CO profiles, NO
tropospheric columns and HNGtratospheric columns. Their approach tackles specific
challenges of AC data assimilation. First, they aply correct atmospheric concentrations
but also alter the surface emissions which corttreltracer distributions to a large extent.
Second, the Kalman filter develops co-varianceghef errors between observed and un-
observed species, which are used to correct unnaasespecies based on the observations

increments.

The MACC reanalysis (MACCRA) of reactive gases @smet al., 2013) and aerosols for the
period 2003-2012 is an AC reanalysis that covespospheric and stratospheric reactive
gases and aerosols as well as the meteorologatdt fin one consistent data set. MACCRA
has proved to be a realistic data set as showaveral evaluation studies for reactive gases
(Elguindi et al., 2010, Inness et al., 2013, Katmaget al., 2015 and Gaudel et al., 2015) and
aerosols (Cesnulyte et al., 2014 and Cuevas eR@L5, ). MACCRA is widely used, for
example, as boundary condition for regional mod8ishere et al., 2012, Im et al., 2014,
Giordano et al., 2015), to construct trace gas atiogies for the IFS radiation schemes

(Bechtold et al., 2009), to estimate aerosol raddbrcing (Bellouin et al., 2013), as input to

14
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solar radiation schemes for solar energy applinatend to report the current state of aerosol

and CO as part of the climate system (Benededti.e2014., Flemming and Inness, 2014).

CAMS is committed to produce a comprehensive hageiution AC reanalysis in the next
years. The CAMS interim Reanalysis (CAMSIRA) prasérhere has an interim status
between MACCRA and this planned analysis dataltsefas produced at a lower horizontal
resolution (110 km) than the resolution of MACCR30 (km), and the number of archived
AC fields was limited tahe aerosol variables and selected chemical spsg@sas ozone,

HNOs3, N2Os, NO, NGO, PAN and S@Gselected-key-species-oenly

The reasons for producing CAMSIRA before the managrehensive reanalysis are as

follows: The MACCRA for reactive gases was produasihg a coupled system consisting of
the IFS and the MOZART-3 (Kinnison et al., 2007wfical transport model (CTM) as
described in Flemming et al. (2009). This couplgsteam was replaced by the much more
computationally efficient on-line coupled model ESI (Flemming et al., 2015), which uses
the chemical mechanism CBO5 of the TM5 CTM (Huije¢ml., 2010). With the
discontinuation of the coupled system it was natsiale to extend the MACC reanalysis to
the present day. For the AC monitoring service AMS it is however important to be able to
compare the present conditions with previous yeaasconsistent way. Another motivation
for producing CAMSIRA was that the aerosol modudedifor the MACCRA had undergone
upgrades (Morcrette et al., 2011) in recent ydarally, MACCRA suffered from small but
noticeable shifts because of changes in the asdadibbservations, the emission data and the
bias correction approach. These spurious shiftenumitie the usefulness of the MACCRA for
the reliable estimation of trends. The lessonsilfaom the evaluation of CAMSIRA will

feed into the setup of the planned CAMS reanalysis.

Reanalyses of AC are generally less well-constdabneobservations than meteorological
reanalyses because of the aforementioned limiwbéthe AC observations and because of
the strong impact of the emission, which are in ynzases not constrained by observations. It
is therefore good scientific practe to investigate the impact of the AC assimilatign
comparing the AC reanalysis to a control experintleat did not assimilate AC observations.
The control run (CR) to CAMSIRA was carried outngsthe same emission data as well as

the meteorological fields produced by CAMSIRA.

The purpose of this paper is firstly to documesetiodel system, the emissions and the

assimilated observations used to produce CAMSIiRW,ta highlight the differences to the

15
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setup of the MACCRA. As the emissions are an ingodrdriver for variability of AC, a
presentation of the totals and the inter-annuahtdity of the emission data used in

CAMSIRA and CR is given in a supplement to the pape

In the remainder of the paper, CO, aerosol as agtopospheric and stratospheric ozone of
CAMSIRA, CR and MACCRA are inter-compared and eatdd with independent
observations in a separate section for each spdhescomparison of CAMSIRA with
MACCRA has the purpose to report progress and $ssi€AMSIRA for potential users of
the data sets. The comparison of CAMSIRA with CBvehthe impact of the data
assimilation and is helpful to better understaniicamcies of the C-IFS model and its input

data.

Each section starts with a discussion of the Spdifferences of CAMSIRA, CR and
MACCRA of the considered species. Next, the temipaaaability is investigated using time
series of monthly mean values averaged over sdleetgons. We present global burdens and
discuss changes in the speciation of the aeraddkfintroduced by the assimilation. Finally,
the three data sets are compared against indepestasarvations, which were not used in the
assimilation. A summary and recommendations farr®IAC reanalysis will be given in the

last section.

16



410

411

412
413
414
415
416
417
418

419
420
421

422
423
424

425
|426
427
428
429
430
431
432
433
434
435
436
437
438

2 Description of CAMSIRA setup

2.1 Overview

CAMSIRA is a data set of 6 hourly reanalyses of ®€the period 2003-2015. A 3 hourly
data set consistent with the AC analysis is avhal&iom forecasts linking the analyses. The
horizontal resolution is about 110 km on a reduGadissian grid (T159) and the vertical
discretisation uses 60 levels from the surfacenwdel top of 0.1 hPa. Total columns of CO
(TC CO) of the Measurements Of Pollution In The pasphere (MOPITT) instrument,

MODIS AOD and several ozone TC and stratospherilprretrievals (see Table 2) were

assimilated together with meteorological in-sital @atellite observations.

The description of MACCRA for reactive gases canfbend in Inness et al. (2013).
Important commonalities and differences betweentwte AC reanalyses are given in Table
1.

The control run is a forward simulation of C-IFSrmonthly segments. The meteorological
simulation is relaxed using the approach by Jurad.€2008) to the meteorological reanalysis
produced by the CAMSIRA. The emission input fieddle the same as used for CAMSIRA.

2.2 C-IFS model

The modelC-IFS is documented and evaluated in Flemming.e28L5). C-IFS applies the
chemical mechanism CBO5, which describes troposplbemistry with 55 species and 126
reactions. Stratospheric ozone chemistry in C-B-Barameterized by the “Cariolle-scheme”
(Cariolle and Dequé, 1986 and Cariolle and Teysse#007). Chemical tendencies for
stratospheric and tropospheric ozone are mergech &mpirical interface of the diagnosed
tropopause height in C- IFS. C-IFS benefits from dietailed cloud and precipitation physics
of the IFS for the calculation of wet depositiorddightning NO emission. Wet deposition
modelling for the chemical species is based onkJ&2600) and accounts for the sub-grid
scale distribution of clouds and precipitation. @igposition is modelled using pre-calculated
monthly-mean dry deposition velocities following ¥édy (1989) with a superimposed
diurnal cycle. Surface emissions and dry depositioxes are applied as surface boundary
conditions of the diffusion scheme. Lightning enaas of NO were calculated based on
convective precipitation (Meijer et al., 2001).
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The aerosol module (Morcrette et al., 2009) is &/bin scheme simulating desert dust, sea
salt at 80% relative humidity (RH), hydrophilic ahgdrophobic organic carbon and black
carbon as well as sulphate aerosol based on theZ EHdosol model (Reddy et al., 2005).
Sea salt and desert dust are represented in disizeThe radii ranges of the dust bins are
0.030-0.55, 0.55-0.9 and 0.9-20 um (DD1, DD2, ab®)band of the sea salt at 80% RH
bins 0.03-0.5, 0.5-5 and 5-20 um (SS1, SS2, and. 388re is no consideration of the
aerosol growth, which would transfer aerosol massifone size bin to another. Hygroscopic
growth of hydrophilic species is taken into accoumthe computation of the aerosol optical
properties only. Following the emission release,dbrosol species are subject to wet and dry
deposition and the largest size bins of sea saltdaist also to sedimentation. The chemical
source of sulphate is modelled by climatologicalvarsion rates using a $@acer, which is
independent of the SGimulated in CB05. The S@acer is driven by prescribed $énd
DMS emissions. Its loss is simulated by wet andd#position as well as the climatological

chemical conversion to SO

The aerosol and chemistry modules used to simslasece and sink terms are not coupled.
Also, wet and dry deposition are modelled with eliéint parameterisations but with the same
meteorological input such as precipitations fieldsrosol and chemistry have in common
that they are advected and vertically distributgdliffusion and convection in the same way.
A proportional mass fixer as described in Diamaistakd Flemming (2014) is applied for all

tracers in C-IFS.

2.3 Emission data sets

This section only references the origin of the sinis data. The emitted totals and the linear
trends of the anthropogenic, biomass burning amdralaemissions as well as the modelled

desert dust and sea salt emissions used in CAM3RIACR are presented in a supplement.

The anthropogenic surface emissions for the chdrspecies were taken from the MACCity
inventory (Granier et al., 2011), which covers peeiod 1960-2010. MACCity emissions are
based on the ACCMIP (Lamarque et al., 2013) inwgntout have improved seasonal
variability. The changes from 2000-2005 and for ®@te obtainedn the MACCIity data

using the representative concentration pathwaysP{R€cenarios version 8.5. For the
production of CAMSIRA the MACCity data set was exded to 2015 by also applying the

RCP 8.5 scenario. The anthropogenic CO emissions wereased following Stein et al.
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(2014). Time series of the anthropogenic CO emmssfor Europe, North America, East Asia

(see Table 3) and the globe are shown in Figuref 8% supplement.

The anthropogenic emissions of organic matter,kbtarbon and aerosol precursorSfde
retrieved from AEROCOM data base, which is compileihg EDGAR and SPEW data
(Dentener et al.,, 2006). In contrast to the anthgemic gas emissions, the aerosol

anthropogenic emissions did not account for trandsonly for the seasonal cycle.

The biogenic emissions for the chemical specie®wenulated off-line by the MEGAN2.1
model (Guenther et al., 2006) for the 2000—-201pgMEGAN-MACC, Sindelarova et al.,
2014). For the remaining years 2011-2015 a climgiplof the MEGAN-MACC data was
put together. Natural emissions from soils and nsdar NQ, DMS and S@ were taken
from Precursors of ozone and their Effects in the Trppese POET) database for 2000
(Granier et al., 2005; Olivier et al., 2003).

Daily biomass burning emissions for reactive gasebaerosols were produced by the Global
Fire Assimilation System (GFAS) version 1.2, whishbased on satellite retrievals of fire
radiative power (Kaiser et al., 2012). This is amportant difference with respect to the
MACCRA, which used an early version of the GFED @ata from 2003 until the end 2008
and daily GFAS v1.0 data from 2009 to 2012. The BREL is on average 20% lower than
GFAS v1.2 (Inness et al.,, 2013). Time series of bi@mass burning CO emissions for
Tropical Africa, South America and Maritime SouthsE Asia (see Table 3) and the globe are

shown in Figure S3 of the supplement.

2.4 C-IFS data assimilation

C-IFS uses an incremental 4D-VAR algorithm (Courgieal., 1994), which minimizes a cost
function for selected control variables to comhine model and the observations in order to
obtain the best possible representations of th@stheric fields. The mass mixing ratios of
O3, CO and total aerosol are incorporated into th&BG variational analysis as additional
control variables and are minimized together with meteorological control variables. The
assimilation of satellite retrieval of the chemicglecies and total aerosol optical depth is
documented in Inness et al. (2015) and Benedetl.2009). The assimilation of aerosol
differs from the assimilation of CO and ozone beeaonly the total aerosol mass can be
constrained by the observations and informatioruabite speciation must be obtained from

the model.
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The assimilation of AOD retrievals uses an obsé&wabperator that translates the aerosol
mass mixing ratios and humidity fields of C-IFShie respective AOD (550 nm) values using
pre-computed optical properties. Total aerosol nmaiséng ratio is included in the 4D-VAR
cost function and the analysis increments are tépaed into the individual aerosol
components according to their fractional contribatto the total aerosol mass. This is an
approximation which is assumed to be only validrotree 12 hour of the assimilation
window. In reality, the relative fraction of therasol components is not conserved during the
whole assimilation procedure because of differencegshe efficiency of the removal
processes. Aerosol components with a longer atneoiplifetime will retain relatively longer

the change imposed by the increments and may thereinge the relative contributions.

In the ECMWF data assimilation system the backgtoemor covariance matrix is given in a

wavelet formulation (Fisher, 2004, 2006). This atoboth spatial and spectral variations of
the horizontal and vertical background error camaces. The background errors for AC are

constant in time.

The background errors for ozone are the same asnié® used for MACCRA (Inness et al.,
2013). Only the vertical correlations of the ozdmaekground errors have been modified and
restricted to + 5 levels around a model level, woid correlations between the lower
troposphere and upper tropospheric and stratosplesels that affected near-surface ozone
adversely. The background errors of total aerogplbbth MACCRA and CAMSIRA were
calculated using the method described in Benedmtti Fisher (2008). The aerosol
background errors for CAMSIRA were updated usingn@e recent C-IFS model version.
The background errors for CO are newly calculatedtie CAMSIRA from an ensemble of

C-IFS forecast runs (Inness et al., 201%Jowever, the ensemble did not account for the

uncertainty of the emissions, which leads to arevestimation of the background error. This

may limit the correcting impact of the observatiamghe assimilation process.

The background error statistics for the chemicakss and for total aerosol are univariate in

order to minimize the feedback effects of the cloaifields on the meteorological variables.
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Correlations between the background errors of wdiffe chemical species are also not

accounted for (Inness et al., 2015).

A further potential interaction between the assiteidl species could be introduced by the

adjoint and tangent linear representations of tlmrical mechanism and the aerosol module

as part of the 4D-VAR approach. The applied tah@ipear and adjoin formulation of C-IFS

accounts only for transport processes and not th&ces and sinks of atmospheric

composition in this study. Because of this limdatiand the lack of aerosol-chemistry-

meteorology feedbacks in C-IFS, interaction amgrecies and with the meteorology as part

of the assimilation procedure are not represem&AMSIRA.

2.5 Assimilated observations

Table 2 shows the AC composition data sets for @0ne and AOD that were assimilated in
CAMSIRA. The time line of the assimilation for thiéferent retrievals is shown in Figure 1.
CO is assimilated from MOPITT V5 TIR only whereas MACCRA assimilated the V4 TIR
product and additionally 1ASI TC CO retrievals afi&gpril 2008. The biases between the
retrievals (George et al., 2015) of the two insteats in mid and higher latitudes could not be
reconciled with the variational bias correction ded to a discontinuity in the time series of
CO in MACCRA, which consequently could not be usedtrend analyses (see Figure 4
below). It was therefore decided to only use the I V5 CO data set in CAMSIRA
because it covers the whole period from 2003-20h6.MOPITT V5 product has better long
term stability and a smaller SH bias than V4 (Deeteal., 2013). V4 suffered from a positive

temporal bias drift and a positive bias in SH.

An additional ozone data set in CAMSIRA were thechilson Interferometer for Passive
Atmospheric Sounding (MIPAS) ozone profiles, whiglre assimilated from 2005 until the
end of the ENVISAT mission in April 2012. After thend of 2012 the version of the
assimilated Microwave Limb Sounder (MLS) data seinged from V2 to V3.4. Information
about the differences between the two versions cde found in
https://mls.jpl.nasa.gov/data/v3_data_quality doentpdf
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Averaging kernels were used for the calculationtted model's first-guess fields in the

observation operators for the MOPITT ddtar the ozone retrieval averaging kernels were

not used because they were not provided or didmptove the analysis. For example, the

high vertical resolution of the MLS ozone retrievaih the stratosphere made the use of AK

not necessary.

The AC satellite retrievals were thinned to a hamial resolution of 1° x 1° by randomly

selecting an observation in the grid box to avomreampling and correlated observation
errors. Variational quality control (Andersson addrvinen, 1999) and background quality
checks were applied. Only ‘good’ data were usetthénanalysis and data flagged as ‘bad’ by

the data providers were discarded.

Variational bias correction (Dee, 2004, McNallyagt, 2006, Auligné et al., 2007, Dee and
Uppala, 2009) was applied to the MODIS AOD dataywali as to ozone column data from
the Ozone Monitoring Instrument (OMI), the SCanninging Absorption spectroMeter for
Atmospheric CHartographY (SCIAMACHY) and the Glol@#¢one Monitoring Experiment 2
(GOME-2). The partial column of the Solar Backseattltraviolet Radiometer 2 (SBUV/2),
MLS and MIPAS were used to anchor the bias cowactExperience from the MACC
reanalysis had shown that it was important to keavanchor for the bias correction to avoid
drifts in the fields (Inness et al., 2013).
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3 Carbon monoxide

Global CTMs tend to underestimate the observed &l0eg (Shindell et al., 2006) but data
assimilation (Inness et al., 2013 and 2015, Miyazdkal., 2015, Gaubert et al., 2016) of
satellite retrieval is able to successfully redtive biases of the simulated CO fields. The
correct representation of vertical CO profiles bg aassimilation remains a challenge (Gaudel
et al., 2015). An important next step will be tlugrect representation of the global CO trends
by means of CO reanalyses such as CAMSIRA.

3.1 Spatial patterns of total column CO

Figure 2 shows the seasonal mean of TC CO ovepdhed 2003-2015 of CAMSIRA and
the differences with CR and MACCRA (2003-2012). 2llethe assimilation of TC CO in
CAMSIRA led to an increase in the northern hemispl{dlH) and a decrease in the Southern
hemisphere (SH) and most of the tropics. CAMSiRA w&hout 2-5% higher than CR in NH
and up to 20% lower in the SH. The reduction waseeslly large in the tropical and sub-
tropical outflow regions of the biomass burningioeg in South America, Central Africa and
Maritime South East Asia. The largest reductiothigse regions occurred in DJF. The largest
negative bias of CR with respect to CAMSIRA occdr@/er NH in December—February
(DJF) and March—May (MAM). Overall the zonal patterof the biases throughout all
seasons were rather uniform indicating an undenesibon of the hemispheric CO gradient in
CR and could point to deficiencies in the simulatiof the global chemical loss and
production of CO as well as problems with the lasgale transport. Biases in the amount of
the emissions seem to play a smaller role for tbelpm with the hemispheric gradient.

However, moreCO emission related differences occurred in SeptenNi@rember (SON)
and to a smaller extent in June—August (JJA), wbBnhad (i) higher values in the biomass
burning regions and the respective outflow region€entral Africa, Maritime South East
Asia and South America and (ii) lower values in dliflow regions of the emissions in North
America and East Asia in the Eastern and WestenthBim Pacific. This suggests that GFAS
biomass burning emissions were too high whereasatiteropogenic emissions in North
America and East Asia were too low. On the othemdhaCR had higher values than
CAMSIRA in South Asia, which indicates that the lfaopogenic emissions are too high in

India.
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Compared to MACCRA, CAMSIRA was up to 10% highethe Northern high latitudes and
up to 20% higher above the tropical biomass burmegjons and above the parts of East
Asia. The differences over the biomass burning regions lma attributed to the different
biomass burning emissions data sets (see secBdnQer the oceans in NH and the tropics,
apart from biomass burning outflow regions, CAMSIRXO is slightly lower (3%) than
MACCRA. The differences in the NH high latitude® anainly caused by the reduction in
MACCRA CO in this region introduced by the assimda of IASI CO retrieval after 2008
(see also Figure 4 below).

Figure 3 shows the average zonal mean cross segftitve average CO mass mixing ratio of
CAMSIRA and the relative difference to CR and MACER he overestimation of CR in the
tropics and SH extratropics was found throughoetttbposphere. It was most pronounced in
relative terms at about 500 hPa. Stratospheric CKGAMSIRA was much lower than in
MACCRA. This might be an improvement as Gaudell.eZ®15) report an overestimation in
the MACCRA over this region. In the upper tropoggh€AMSIRA had higher CO than
MACCRA most notably in the tropics and SH whereuesl are up to 40% higher. CO was
lower in the mid and lower troposphere in SH anghbr in NH. These differences in the
vertical distribution might be caused by (i) a maa@nsistent modelling approach of the
stratosphere-troposphere exchange with the oneaupled C-IFS, (ii) the fact that C-IFS
CBO5 has a very different chemistry treatment caegao MOZART and (iii) updated
background error statistics for CO (see Table 1).

3.2 Inter-annual variability of CO burden

Figure 4 shows time series of the monthly mean @fddn from CAMSIRA, MACCRA and

CR for selected areas (see Table 3). Then modglthl CO burden (CR) was reduced by
the assimilation by about 3% at the start and lmutlB% at the end of the period. CAMSIRA
showed a stepwise decrease of the global CO burden2008 and 2009 which corresponds

to a significant(95% confidence levelhegative linear trend of -0.86%l/yr over the whole

period.The linear trend is as expressed as percentagere@gfiect to the mean of the burden

over the whole periodThis figure is in good agreement with the resultdMorden et al.

(2013) who estimates trends of -1% per year foh bloé globe and NH over the last decade

by studying different satellite-based instrume@B also showed the largest decrease in the

24



641
642

643
644
645
646
647
648
649
650

651
652
653
654
655
656

657
658
659
660
661
662
663
664
665
666
FG?
668
669
F?O
671
672

period from 2007-2009 but the CO burden increatigttly after that period. The resulting
linear trend of CR was still negative (-0.36%/yu} kess strong than the trend of CAMSIRA.

The higher global CO burdens of CR with respedC&MSIRA originated mainly from the
tropics and the SH mid-latitudes, which are strgngfluenced by biomass burning emissions
in tropical Africa and South America. CO was redld®/ the assimilation in CAMSIRA
especially after the start of the biomass burngmsen. The reduction of the biomass burning
emissions of -7.4%/yr (see supplement Table S1y &mith America led to a significant
negative trend of the CO burden of -1.23%/yr in C3IRA and -0.83%/yr in CR over that
region. The overestimation of CR with respect toM3#RA increased slightly during the

period.

2015 was an exceptional year because the globd@en reached the highest values in the
whole period for both CAMSIRA and CR despite theer@d decadal negative trend. The
increase was caused by exceptionally high biomassrg emissions in Indonesia because of
El Nifio related dry conditions. The El Nifio contedl inter-annual variability of CO over
Maritime South East Asia was reproduced in a venyiar way in CAMSIRA and CR but the
assimilation reduced the burden by about 1 Tg (10%)

In the regions of high anthropogenic emissiongéngporal variability at a monthly scale was
very similar between CR and CAMSIRA. Both in Northmerica and Europe CR
underestimated the CO maximum of CAMSIRA in eagyirsg by less than 5% up to the year
2010 but the biases almost disappeared in latesy@&his means that the negative total CO
trend in these regions was larger in CAMSIRA, whadntains the MOPITT observations,
than in CR. It could indicate that the anthropogeemissions were biased low at the
beginning of the period but less so towards the éner East Asia the difference between
CR and CAMSIRA was generally very small indicatiaghigh degree of realism of the
emissions in the area. A further explanation fag Hgreement is the fact that this area covers
both the underestimation of CAMSIRA by CR in NH nléditudes and the overestimation in
the tropics. Both CAMSIRA and CR had a negativermita significantrend over East Asia.

Stroden et al. (2016) also find good agreement é&twMOPITT-based and modelled
negative trends for the 2000-2010 period of totdimn CO over Europe and North America
but disagreement in the-the sign of the trend over Eastern China, where thmeidel, using

MACCIity emissions, simulates a positive trend buDRITT has a negative trend. Over
Eastern China also CR (2003-2015) had a smalligedihear trends whereas CAMSIRA had
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a negative trend but both trends were not staai$yicsignificant. The positive trend over
Eastern China in CR was mainly driven by directlyitted CO at the surfacBecause-Owing
te-the of thenemispheric influence,e. the hemispheric reduction in Cthe CO trend in CR
over Eastern Chindecame negative in the middle troposphesghere—theMOPHT

s hiahest.

In the Arctic, which is influenced by the long-rantransport from North America, Europe
and Asia (Emmons et al., 2015), no MOPITT obseovetiwere assimilated (see Table 2)

because of the higher biases of-the. MOPITT datthis region.-Also in this region the
variability of the CR and CAMSIRA CO burden matcheell but the bias was much reduced
after 2012.

The time series of the global CO burden of CAMSIBAd MACCRA agree better than
CAMSIRA and CR. The global burden of MACCRA is slity lower than in CAMSIRA
(1%) until 2010 but starts to exceed CAMSIRA in 2Gdnd 2012. Hence, larger differences
occur at the beginning and end of the MACCRA period

The CO burden of MACCRA above the biomass burniegions of South America and
Tropical Africa was lower than CAMSIRA for the pedi 2003—2010. This is most likely
because of the use of the GFED biomass burningsems until 2008, which are on average
20% lower than GFAS, which was used for CAMSIRA the years 2011-2012 MACCRA
had higher values, which even led to a reverstiersign of the trend over the two regions in
MACCRA in comparison to CAMSIRA. MACCRA and CAMSIiRAgreed well above the
anthropogenic source regions. Only from 2008 one/dMACCRA was slightly lower which

led to enhanced negative trends.

Over the Arctic, CAMSIRA is higher from 2008 whesell ACCRA was higher at the start.
This is consistent with the respective trends dwerope and North America. All data sets
showed a step-like reduction the CO burden at rB@B2but it was most pronounced in
MACCRA.

3.3 Evaluation with MOZAIC/IAGOS aircraft CO observ  ations

Measurements of OZone, water vapour, carbon moeoardl nitrogen oxides by in-service
Alrbus aircraft (MOZAIC) and In-service Aircraft fa Global Observing System (IAGOS)
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are subsequent programmes of AC observations mebuoie commercial aircraft. The
MOZAIC CO data have an accuracy of £ 5 ppbv, aipi@t of £ 5%, and a detection limit of
10 ppbv (Nédélec et al., 2003). De Laat et al. @2&bmpare MOZAIC/IAGOS profile with
the MOPITT v5 NIR retrievals, which were assimithtean CAMSIRA. They find good
agreement and no drift of the biases of the twa dats in their study period 2002—-2010.

We use the CO profiles obtained during take-off dmiding to evaluate the CO fields
averaged over airports in different regions fro02012. The number of MOZAIC/IAGOS
CO profiles fluctuated considerably over the yediey have decreased from 2003-2014 by
about 50% and certain airports had many more ob8Sens than others. Since the aircraft
used in MOZAIC were based in Frankfurt, the majoat the CO profiles were observed at
this airport. Therefore the observations from Ffartkdominate the European mean values.
Observations from Tokyo and other Japanese citexe Whe largest contribution to the mean
over East Asia. Atlanta, Toronto and Vancouver tiedlargest number of observation in the
North American domain. Windhoek had by far the émtghumber of observations in Tropical
Africa and Caracas in South America. The mean ofitM#& South East Asia sea salt is
mainly calculated from observations over Jakarthknala Lumpur in 2005, 2006, and 2012

with an unbalanced coverage of the difference nmeonth

Profiles of the mean relative bias of CAMSIRA, MARE and CR against MOZAIC/IAGOS
CO observations for different regions (see Tablav®raged over the period 2003-2012 are
shown in Figure 5. We discuss here only the anhizeales since the seasonal relative biases
did not differ to a large extent from the annuédtige biases.

All three data sets underestimated the observedv@l(@es throughout the troposphere in
Europe, North America and East-Asia. At the surfacd the lower PBL up to 900 hPa, i.e.
where the highest CO concentrations are observABY)SIRA and CR had a relative biases
of about -10% in Europe and North America and ug2@% in East Asia, whereas MACCRA
had larger relative biases of -20 —30% at thigllewd the largest biases occurred in DJF. On
the other hand, MACCRA had smaller biases than CASand CR in the middle and
upper troposphere. The smaller biases of MACCRA tmaycaused by the more realistic
simulation of the chemical CO production by the M chemical mechanism as well as
by the change in the CO background error statisice assimilation of MOPITT in
CAMSIRA reduced the biases relative to CR in thgptsphere over Europe and North
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America but had only little effect at the surfaGaer East Asia the assimilation did not lead
to changes between CR and CAMSIRA.

Whereas CR had the largest underestimation in Nikhg generally higher than CAMSIRA
and MACCRA in the tropics. This led to better agneat with the MOZAIC observation in
South America and Tropical Africa but also to aremstimation of 20-30% in Maritime
South East Asia. The limited number of observationshat region makes this result less
robust. MACCRA and CAMSIRA showed little differerscever South America and Tropical
Africa. The 10% negative bias of MACCRA and CAMSIiRATropical Africa is consistent
with the 10% underestimation of MOPITT v5 againsOEKRIC/IAGOS over Windhoek
reported by de Laat et al. (2014, their Figure@Gjer MSEA below 700hPa CAMSIRA and
MACCRA overestimated CO whereas MACCRA underestaathe observations. This
could be the consequence of the different fire simis and the different chemistry schemes

but the limited number of available profiles makigis result less representative.

3.4 Evaluation with NOAA GMD surface observations

NOAA Global Monitoring Division (GMD) network of 8sk CO surface observations
(Novelli and Masarie, 2010) has a good global cager which also includes the high
latitudes of SH and NH, to observe the backgrouodcentrations. The tropical stations
represent the maritime background because thegnamly located on islands in the tropical
oceans. The station density is higher in North Ac@aeand Europe. The uncertainty of the
NOAA/GMD CO observations is estimated to be 1-3 gplovelli et al., 2003).

We calculated the mean ardr reasons of simplicity, only tHaear trend at each station for
the period 2003-2014 or 2003-2012 (MACCRA). Theralléias averaged over all stations
of CAMSIRA and CR was 3.0 ppb for the whole perind CAMSIRA had a slighter lower

RMSE (13 ppb) than CR (15 ppb). For the 2003-204rlbod MACCRA had a bias of 6 ppb
whereas CAMSIRA and CR had a bias of 3.1 and 3t®@rpgpectively.

Figure 6Figure-6shows the zonal means of the observed averageshandorresponding

model values at station location as well as theiamedf the estimated linear trend from the
observations and the model results. The graphs wamstructed by calculating the mean
concentrations and median trends of all station$5h wide latitude bins. The errors bars

indicate the range of the observed values in tlied bin.
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In the SH high and mid-latitudes the typical obserannual mean surface concentration was
50 ppbv. The background levels started to risehiea EH extra tropics and reached a
maximum of 145 ppbv in the NH mid- latitudes. Treues then decreased to about 130 ppb
in the Arctic. The general structure of the zonatiation was well represented by all data
sets. CR overestimated the SH mid and high valyed% ppb whereas CAMSIRA and
MACCRA had a bias of 7 ppb. In the tropics CAMSIRAd slightly lower (3 ppb) values
than the observations whereas MACCRA and CR overattd by about 5 ppb. CAMSIRA
had the highest values of all three data setserNlH mid-latitudes but still underestimated
the mean of the observations by 7 ppb. Howeveobserved means at the station locations
in this latitude band varied in a range of abouD Jpb. CR had a slightly larger
underestimation than CAMSIRA. MACCRA underestimatbd observations by more than
20 ppb in the mid and high latitudes. The reductemards the NH high latitudes in CR and

CAMSIRA was similar to the observations.

The observations in the SH showed essentially neal trend in the 2003-2014 period.
Starting in the tropics a negative linear trenddgedly occurred which reached values of
about -2.2 ppb/yr in the NH mid- and high latitudE&AMSIRA and CR had a small but still
significant{95%-confidence-leveNegative trend in SH of -0.3 and -0.5 ppb/yr retipely.
The negative trends of CAMSIRA and CR started toobge more pronounced from 20°S
onwards. The trend in CAMSIRA was generally straripan the trend in CR. This meant a
better fit with the observed trends in the trofims CR and a better fit in the NH mid- and
high latitudes for CAMSIRA. In this region the madiof the trends was -2.1ppb/yr for
CAMSIRA and -2.0 ppb/yr for CR. While the trends@AMSIRA and CR agreed reasonably
well with the observations, MACCRA suffered fromrealistically strong negative trends in
the mid- and high latitudes of both hemispheress higative trend in MACCRA was caused
by the reduction in the values related to assimitadf IASI data from 2008 onwards (Inness
et al., 2013).

4  Aerosols

In contrast to the assimilation of individual cheali gases, the assimilation of AOD
observations is “underdetermined” because diffecemtbinations of the aerosol components

can led to the same extinction, i.e. AOD value.uttifer complicating factor is that each
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aerosol component has different optical propertidsch depend on relative humidity for the
hydrophilic components such as sea salt, sulphateoeganic matter. The correction of the
speciation of the assimilated aerosol mass mixat® rfields is therefore a big challenge
despite good success in reproducing independent glidervations with the aerosol analysis
(Eskes et al. , 2015)

4.1 Global aerosol burden, speciation and AOD

In this section the global averages of burdens 0@ are presented. Spatial patterns of
AOD will be discussed in section 4.2. Global arezsghited averages of AOD at 550nm and
the total global burden in Tg for the different@ssl components are shown in Figure 7. The
figure also shows the median of the global AOD agerand burdens simulated by the
models of the AeroCom inter-comparison study (Kienel., 2006 and Textor et al., 2006).
CR had the highest total global average aerosaldsuof 46 Tg compared to MACCRA and
CAMSIRA, which had both 33 Tg. This number was veimilar to the AeroCom median of
29 Tg.

The global sea salt burden was about twice as inigR (15.1 Tg) than in CAMSIRA (8.3
Tg), and it was 16.1 Tg for MACCRA. In comparistime median of the sea salt burden from
the AeroCom models is 6.3 Tg. Another study ofeaté#ht emission schemes by Spada et al.
(2013) found sea salt burdens in the range front®Q2 Tg. In the light of these studies as
well as the applied correction by the assimilaiinCAMSIRA, the simulated sea salt burden
of CR as-well-as-the-assimilated-burden-of- MACCRppears to be too high. The simulated

sea salt emissions of C-IFS wetethe-upper-end-ofbut-stilithin; the reported range in the
literature (see supplement). This suggests thdmg#esea—sall—b{#den@f—GR—eamnet—enwely
helossprocesses of sea salt
were underestimated in C-IFS in comparison to othedels-with-respeet-to—othereodels

must-haveaplayed-antmpertantrole.t@n the other hand, the high sea salt burden of
MACCRA was prebablylikely caused by an exaggeration of the sea salt emisgibnan

earlier version of the emissions module.

The desert dust burden in CR was 27 Tg, which wgiseh than the AeroCom median of 20
Tg. It was strongly reduced by the assimilationrCIAMSIRA to 18 Tg. MACCRA had an
even lower desert dust burden of 12 Tg becaus@éefuhderestimation of the desert dust

emissions scheme used in MACCRA. As in the caghe§ea salt, the underestimation of the
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desert dust loss by deposition and sedimentatioy play an important role in the

overestimation of dust burden in CR.

The strongest relative change in the global bullwethe assimilation occurred for sulphate,
which was 1.2 Tg in CR but was 4.7 Tg in CAMSIRAdaB.3 Tg in MACCRA. The

respective AeroCom median value is 2 Tg. Becaugbeofarger extinction per unit mass of
sulphate, this increase in sulphate had a largadmgn total AOD, which will be discussed

further below.

The organic matter and black carbon burden of CR @ and 2.0 Tg) was increased by the
assimilation to 0.36 Tg and 2.4 Tg respectivelye Talues agreed reasonably well with the
AeroCom median of 0.21 Tg and 1.76 Tg.

In contrast to the global burden, CR had the lowéstal AOD average of 0.13. CAMSIRA
and MACCRA had values of 0.16 and 0.18. The vafoae€R wereasclose to the median of
the AeroCom models (0.12) but the two reanalysésahlaigher value than the highest global

average AOD value of the AeroCom models of 0.15.

The largest fraction of the CAMSIRA AOD came fromlghate, which was strongly
increased by the assimilation. The contributiorswiphate AOD to total AOD was 13% in
CR and 43% in CAMSIRA. Sulphate was also the lar@&€3D contribution in MACCRA.
The global average of sulphate AOD of CR (0.018% whout half of the AeroCom median
(0.034), which could suggest an underestimatiothenglobal sulphate burden and AOD in
CR. On the other hand, global sulphate AOD of CARSwas 0.06, which was higher than
the highest value of the AeroCom model ensemb@5(0.

As already discussed for the respective burdemdagldesert dust AOD and sea salt AOD
were strongly reduced in CAMSIRA compared to CRCIR sea salt and desert dust AOD
contributed each about 30% to the total AOD, whelieaCAMSIRA the contribution was
reduced to 15% and 19%. The reduction of sea gahd assimilation was reasonable as the
sea salt burden was above the reported range biorME&006) and Spada et al. (2012).
However, the reduction in sea salt was compenshyethe increase in sulphate, which

became the most important contribution to total A@I2r many parts of the oceans.

The global sea salt burden of MACCRA was highentm CAMSIRA but similar to CR.
However, a different distribution of the mass witlihe size classes meant that the resulting
sea salt AOD of MACCRA was 20% higher than CR. MARXChad the lowest desert dust
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burden but differences in the size distribution dodg smaller particles meant that the
resulting AOD was slightly higher than CR and 208ghler than CAMSIRA. Black carbon
and organic matter AOD and burden were similar ag@AMSIRA, CR and MACCRA.

4.2 Spatial patterns of AOD

Figure 8 shows the annual mean of total AOD and AldiDdesert dust, sea salt, sulphate,
black carbon and organic matter for period 200352@m CAMSIRA and the differences
with CR and MACCRA (2003-2012). The global maximatbe total AOD (>0.5) in
CAMSIRA were found over areas of desert dust emssisuch as the Sahara, the Arabian
Peninsula and the deserts of Central Asia. Higlsgioms of black carbon and organic matter
from biomass burning sources in tropical Africa amihropogenic sources in Eastern China

and Northern India also produced to AOD maximalanglobal scale.

The increase of the global average AOD in CAMSiRi#éhwespect to CR by the assimilation

(see section 4.1) occurred in most parts of thbeglon particular over the areas of industrial
activity in North America, Europe and East Asia{20%) as well as in the polar regions (>
50%), where AOD is generally low. The differencetvieen CR and CAMSIRA, although

varying in magnitude, exhibit similar spatial patie in all seasons, with the largest
differences occurring throughout NH in MAM. As dissed in section 4.1 the increase is
mostly caused by a wide-spread increase in sulph@ie. Sulphate AOD was increased in
relative terms more strongly over the oceans aghdmilatitudes. In areas of higher modelled
sulphate AOD such as the North America, Europe lModhern Asia and the Arctic the

contribution to total AOD changed from 40% to 908)ich made sulphate the by far the
most abundant aerosol species in these areas asasvelver the Antarctic, which seems

unrealisticgiven that the global SCGemission were only less than 2% of the total adroso

emissions (see supplement)

The identified reduction of global desert dust IAMISIRA with respect to CR was mainly
confined to the main desert dust region, where A@3 reduced by to 0.2. As total AOD
was dominated by desert dust, total AOD was stsoregluced in these regions, whereas total
AOD of CAMSIRA was always higher than CR in the etlparts of the globe. The largest

relative reduction of desert dust AOD occurredha temote outflow regions from Australia,

32



889
890

891
892
893
894
895
896
897

898
899
900
901
902
903
904
905
906

907
908
909
910
911
912
913

914
915
916
917

918
919

Tropical Africa and Eurasia. The reduction of deshrst occurred throughout all seasons

with the largest reduction in JJA.

The strongest reduction in sea salt occurred in GAA with respect to CR occurred over
the oceans proportional to the sea salt AOD. Bexatishe increase in sulphate, the sea salt
reduction led only to a small reduction of total B@ver the area of the highest sea salt
emissions in the North Atlantic in DJF and over 8muthern Ocean in JJA and MAM. The
contribution of sea salt AOD to total AOD over mao$tthe ocean was changed from more
than 80% in CR to 50% in CAMSIRA in mid- and higttiludes of SH and to 30% over the

rest of the maritime area by the assimilation.

Black carbon and organic matter AOD were reducedAMSIRA over tropical Africa where
biomass burning is the largest source on the glsbale and also the CO biomass burning
emissions were too high. The black carbon and dacgawatter AOD values were higher in
CAMSIRA away from the sources where values are igdlydow. The differences of black
carbon and organic matter AOD between CAMSIRA arkl €howed a strong reduction
directly over the areas of intense fire emissiotrapical Africa and boreal forest of NH and
an increase in the adjacent outflow regions. Thidctindicate that the GFAS emissions, as
in the case of CO (see section 3.1), were too highthe atmospheric residence times of the

aerosol species were too short.

Compared to CAMSIRA, MACCRA AOD values were up @6 (-0.2— -0.3) lower in the
desert dust dominated areas over the Sahara artdalCasia. The largest differences over
North-Africa occurred in JJA and MAM and are anigadion that MODIS AOD retrievals
are not available over this regions because of theght surface (Hsu et al., 2013). The
higher AOD values of CAMSIRA than MACCRA in the @esdust regions might be an
improvement as Cuevas et al. (2015) reported argemnederestimation with respect to
AERONET observations in the dust dominated regadMdACCRA.

On the other hand, sea salt AOD over all oceans nvash higher in MACCRA than
CAMSIRA and it even exceeded the high sea salt ADITR. Despite the higher sea salt
AQOD, the total AOD of MACCRA over the oceans wawéo than in CAMSIRA because of
the overall smaller sulphate AOD in maritime regon

In the regions of boreal fire emissions MACCRA v@ser during the JJA fire season as well
as in the South American fire season in SON. Ferrést of the globe the CAMSIRA, was
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about 0.05 lower than the MACCRA, which meant adarelative reduction (>50%) in

particular over the oceans.

The differences between MACCRA and CAMSIRA can raibe explained with the
changes in the underlying modelling approach armd emissions since the same MODIS
AOD retrievals were assimilated in both reanalyd@i$ferences in the back ground error

statistics may have contributed to the differenpasticularly in the high latitudes.

Figure 9 shows a zonally averaged cross sectiorthef total aerosol mixing ratio of
CAMSIRA and its relative differences of CR and MARAE. The highest zonal average
occurred over the southern ocean because of théngons sea salt production, and over the
latitudes of the regions with large desert dust anthropogenic emissions. Despite the
mostly higher AOD values, CAMSIRA had lower masimg ratios than CR throughout the
troposphere with the largest relative differencesuoring over the SH mid-latitudes and in
the region of intense convection in the tropicsisTih related to a change in the speciation,
which was discussed in section 4.1. CAMSIRA had tap90% higher values in the
stratosphere and Antarctica. The higher aerosolngixatios of CAMSIRA in the upper
troposphere were dominated by sulphate aerosol. ®R& mixing ratios were considerably
higher in relative terms than CAMSIRA throughou thoposphere with the exception of NH
extra-tropical mid- troposphere, caused by the tadust emissions in MACCRA, and the SH
and tropical stratosphere related to high sulpbabteentrations in CAMSIRA.

4.3 Inter-annual variability of AOD

Figure 10 shows time series of average AOD from GMRA, CR and MACCRA for
different regions. To better distinguish the impattea salt, the regional AOD is averaged
over land points only. The global average AOD tisreies are shown separately for land and

sea points.

CR and CAMSIRA did not have any significai¥% confidence levelrends in AOD over
the whole globe or any of the considered regiortgerd was a good agreement between
CAMSIRA and CR in their inter-annual variability thirespect to specific years with higher
maxima over South and North America as well as ddarntime South East Asia and North-
Africa. This demonstrates that despite biases thdetnwas able to reproduce the variability

related to fire emissions and wind driven desedt duispension. A large relative difference
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between CR and CAMSIRA occurred in the Arctic. TRAMSIRA and MACCRA AOD

values were almost twice as high as CR and hadch more pronounced seasonality.

In contrast to the lack of significant trends in @Rl CAMSIRA, MACCRA had significant
positive trend over all sea points leading to araase over 10 years, which was as large as
the seasonal variation over all sea points. Avatager all land points, the seasonal variation
is much larger than over sea. The agreement in ADfbe monthly means time series was
generally high but MACCRA also showed a significamtreasing trend, which was not
present in the other two data sets. Most of tlesdrin MACCRA was caused by dust AOD,
which increased by 3.7%/yr, and by sea salt AODiciwhncreased by 1.7%/yr over sea
points. We consider this trend in MACCRA as spusioli is prebablylikely caused by an
accumulation of aerosol mass, which could not eected by the assimilation. A reason for
the mass accumulation could be the fact that theCRIRA model did not apply a global mass

fixer.

Even if CR and CAMSIRA did not show significantrids in total AOD, sulphate AOD of
CAMSIRA increased significantly by 0.55%/yr and &R and CAMSIRA had a positive
trend in sea salt AOD of 0.3%/yr. This suggestaificial accumulation of sulphate by the
assimilationbecause—eensidering—ththeSQ emissions forthe aerosol sulphate precursor

(SO) were constant. The increase in sulphate was likely caused by wstienated loss

processes for sulphate and 8@ the free and upper troposphere away from thessioms

sources. The relative increase in sulphate wibeet to the other aerosol species could not

be corrected by the assimilation of AOD.

4.4 Evaluation with AERONET AOD observations

The AOD at 550 nm was evaluated with observationthe AErosol RObotic NETwork
(AERONET) network. The AERONET is a network of abd00 stations measuring spectral
AOD aerosol with ground based sun-photometers (gtolbt al., 1998). The stations are
mostly located over land with a high number of ieteg situated in North America and
Europe. The global number of stations contributihgervations for the evaluation increased
from about 60 in 2003 to about 250 in 2014 befoneduced strongly to only a couple of
stations at the end of 2015.

Figure 11 shows time series of the monthly biagegSAMSIRA, MACCRA and CR for the
globe and different regions. Over North America,aa@a with a high density of AERONET
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stations, CR underestimated AOD in general by @®%verage. On the other hand, the two
analyses overestimated AOD by about 0.02 but CAMSiBs marginally smaller biases than
MACCRA. In South America a similar pattern was fduronly that the average
underestimation of CR and overestimation of CAMSiBAd MACCRA was -0.05 and 0.05
respectively. The overestimation of CAMSIRA and MBRA and the underestimation of CR
over America leads to the conclusion that the atsied MODIS retrievals were biased high
against the AERONET observations in this regioralas pointed out in Levy et al. (2010).
The underlying model does not seem to be the aaiube overestimation in CAMSIRA.

Over Europe CAMSIRA had the smallest biases and KIR& overestimated slightly
whereas CR underestimated the observations. Tlsedbi€R was -0.07 at the beginning of
the period and almost zero at the end. More rekaangseeded to understand this trend in the
bias, which is also apparent in CAMSIRA and MACCRAt it might be caused by the

reduced number of available stations.

MACCRA had the lowest biases over South East Asizabse of small biases in Northern
India and Indochina. It was higher, as almost ewbgre, than CAMSIRA and CR.

CAMSIRA underestimated the observations in thisamedpy about 0.05. The underestimation
by CR was bigger and showed a pronounced seasgol@. dhe largest negative biases

occurred at the time of the seasonal minimum in.DJF

The performance for desert dust and sea salt was difficult to evaluate with AERONET

stations in a robust way because only few stateawasavailable in these regions. The average
bias over Africa showed a strong reduction of tlieg@ak values, which occurred because of
desert dust outbreaks, by the assimilation. A goaample of the successful reduction of dust

by the assimilations was Lake Argyle (16.11.S, I2B) in Australia (Figure 11, left).

The AOD AERONET observations over the oceans shemeglly an overestimation of all
runs, in particular for MACCRA. The bias of the M@D retrievals with respect to
AERONET (Shi et al., 2011) may be a reason for tiverestimation. The comparison with
AOD observation at Mauna Loa Station (19.54 N, %85W, not shown) in the Eastern
Pacific suggests that the low AOD values of CR adpced the observations best, although
still overestimating them. At Nauru Station (0.5&, 166.9° E, Figure 11, right) in the
Western Pacific CAMSIRA match the observations welfiereas CR underestimated and
MACCRA overestimated them.
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1012 5 Stratospheric ozone

1013 The experience from the assimilation of TC andtgsgaheric profiles retrievals (Inness et al.,
1014 2013, van der A et al., 2015 and Levefer et al15)0shows that these observations are
1015 sufficient to constrain stratospheric ozone in th@nalysis. Because almost the same ozone
1016 retrievals were assimilated in CAMSIRA as in MACCRAee Table 2) most of the
1017 differences in the ozone analyses can be attribiatedifferences in the ozone simulation of
1018 the assimilating model. For CAMSIRA the Cariollegaeterization (Cariolle and Teyssédre,
1019 2007) of stratospheric ozone chemistry and the a®nmechanism CBO05 for the
1020 troposphere were used. The tropospheric and ghtatos chemical scheme of the MOZART
1021 CTM (Kinnison et al., 2007) was used for MACCRA.

1022 5.1 Spatial patterns of TC ozone

1023 Figure 13 shows the seasonal average TC ozone@®MSIiRA and the difference between
1024 this data set and CR and MACCRA. The differencesvben CAMSIRA and CR had a
1025 meridional pattern. The assimilation in CAMSIRA lieased the total ozone columns in the
1026 tropics and subtropics by up to 25 DU (8%) andeitrdased them by 50-70 DU in the NH
1027 mid and high latitudes. The largest reduction owmirin DJF and MAM. Also over
1028 Antarctica the assimilation led to lower valuesaumstral winter (JJA), when TC ozone was
1029 reduced by up to 30 DU.

1030 CAMSIRA was about 3-5 DU (1%) lower than MACCRA dhghout the globe. Larger
1031 differences of up to 10 DU (2%) were located maioVer tropical land areas. Their shape
1032 suggest that they were partially caused by diffeesrin tropospheric ozone (see section 6.1).
1033 On the seasonal scale, CAMSIRA was about 10 DU dlawer Antarctica and the Arctic in
1034 the respective spring seasons MAM and SON.

1035 Figure 14 shows the average ozone partial presswss section of CAMSIRA and the
1036 relative differences with CR and MACCRA. The tropberic part of the figure will be

1037 discussed in section 6.1. The overestimation ofiCke high latitudes of NH and SH was
1038 located predominately in the mid and upper strditesp at around 20 hPa. The
1039 underestimation in the tropics had the largestesht around 50 hPa.

1040 In the lower and middle stratosphere, i.e. fromtd®0 hPa, CAMSIRA and MACCRA
1041 differed by less than 5%. Larger differences oaaimbove 10 hPa where MACCRA was up
1042 to 30% higher than CAMSIRA.
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5.2 Inter-annual variability of TC ozone

Figure 15 shows area-weighted averages of the nyon@s for the whole globe, the tropics,
SH and NH mid-latitudes, Antarctica and the Arctic.

In the tropics, CAMSIRA had a significari®5% confidence leveljrend of +0.15%l/yr.

Although the period of 13 years is too short taneste total ozone trends with respect to
ozone recovery it is worth noticing that the numisen good agreement with the estimate of
the ozone trend for the period 1995-2013 by Colgelagbers et al. (2014, see their figure
1), which varies in the tropics between 0.5 to Yd#éade. No trends could be found in CR,
probably because the climatological approach agphethe Cariolle scheme is not able to
simulate long-term trends. The tropical trend in ®@&RA was 0.25%/yr, which seems too

high and there was also a significant trend inShemid-latitudes of 0.65%/yr.

The seasonal range, i.e. the difference betweenaammaximum and minimum, of TC ozone
in CAMSIRA increased from 10 DU in the tropics tp 150 DU in the Arctic and 100 DU in
Antarctica. As already mentioned in section 5.1, W& 20% higher than CAMSIRA in NH
mid-latitudes and Antarctica. However, the interiaa variability agreed reasonably well
between CAMSIRA and CR in SH and MH high and midldaes. For example, the reduced
Arctic ozone spring in 2011 (Manney et al., 201@gl ahe year-to-year differences in mid-
latitudes found in CAMSIRA were well reproduced ®R.

The ozone hole in Austral spring is the most imgartfeature of seasonal variability over
Antarctica.Despite its simplicity, the Cariolle scheme in Gipnoduced the-Remarkably CR,
which-uses-the-Caricle-scheme,reproduceddome loss during the ozone hole periods with

respect to minimum value and inter-annual varigbibf TC ozone very well without

assimilating any observations. 2015, 2003 and 208& the years with the deepest ozone
holes and 2011, 2013 and 2004 with the shallowesh® hole both in CAMSIRA and CR.
On the other hand, CR overestimated the averagezé@e during winter by about 30 DU.

There was generally good agreement between CAMSIRRMACCRA over all parts of the
globe but MACCRA was on average about 5-10 DU (Bigher than CAMSIRA. The strong
positive trend of MACCRA in the tropics togetherthva significant positive trend in the SH
mid-latitudes led to increasing differences of tilebal average at the end of the MACC
period. Larger difference between MACCRA and CAMA&iBccurred in winter (JJA) over
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Antarctica, when MACCRA was up to 25 DU lower tt@AMSIRA. The depth of the ozone
hole was slightly deeper in CAMSIRA than in MACCRA.

5.3 Evaluation with total ozone retrievals from Dob ~ son sun-photometers

Ozone TCs are observed from the ground with Dob&ewer, Point Filter and FTIR
spectrometers. The Dobson instruments provideahgelst and best spatial coverage and we
use this data set to evaluate the TC of CAMSIRA, GURA and CR. The Dobson
instruments of the WOUDC network are well calibdatend their precision is 1% (Basher,
1982). Factors that influence the accuracy of tlebddn spectrometer are the temperature

dependency of the ozone absorption coefficientthagresence of SO

Figure 16 shows time series of the monthly biasrsgjdahe Dobson photometer observations
for different regions. Observations of about 50s€4tions were available until 2013 but the
number of stations dropped steadily to about 1Qiddts at the end of 2015. CAMSIRA
overestimated the observations in the tropics d&ednid-latitudes of both hemisphere on
average by 2 DU whereas the mean bias of MACCRAatauit 5 DU larger. In Antarctica
and the Arctic the biases showed a more pronouseasgonal cycle mostly between -10 and
20 DU.

The biases of MACCRA increased in the tropics dredSH-mid latitudes from 2003 to 2008
whereas CAMSIRA and CR did not show an obvious gkan the biases until 2012. The
variability of the bias of CAMSIRA amplified at thetart of 2013 in NH. As this change in
the bias is not seen at individual stations repgrtintil the end of 2015, we conclude that the
change is caused by the reductiontie nhumber ofstations available after 2018.is not
caused by-Hewevethe change of the assimilated MLS data\setion (from V2 to V3.4)
because this took place alreatythe beginning of 2013 (see Table 2).

The biases of CR were much larger than the oneSANISIRA, and they had a strong
seasonal cycle. In the tropics CR underestimated @ by 10 DU in DJF and 0 DU in MAM.

The NH biases were positive and varied between @@®4% and in the Arctic between 20-70
DU. Over Antarctica CR overestimated the obserwalip 40-60 DU in JJA but the bias was

close to zero or even slightly negative duringtthree of the ozone hole.
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5.4 Evaluation with ozone sondes in the stratospher e

The global network of ozone sondes is the most cehgmsive independent data set for the
evaluation of the 3D ozone fields from the surfacabout 10 hPa, which is the level with the
highest stratospheric ozone volume mixing ratidge ®bservation error of the sondes is about
+5% in the range between 200 and 10 hPa and -7-H&létv 200 hPa (Beekmann et al.,
1994, Komhyr et al., 1995 and Steinbrecht et 896). The number of soundings varied for
the different stations used here. Typically, thedas are launched once a week but in certain
periods such as during ozone hole conditions laemetne more frequent. Sonde launches are
carried out mostly between 9 and 12 hours locagtiirhe global distribution of the launch
sites is even enough to allow meaningful averages targer areas such North America,

Europe, the tropics, the Arctic and Antarctica.

Figure 17 shows the profiles of the relative biase€ AMSIRA, MACCRA and CR over the
tropics, Antarctica, the Arctic and the NH and Skdl+#atitudes for the period 2003-2012. All

available observations were included in the average

In the tropics, CAMSIRA had a relative bias of nip&telow 10% in most of the stratosphere.
MACCRA underestimated the ozone sondes stronglytqup0%) in the lower stratosphere
but the relative bias of MACCRA was similar or $lity smaller than the bias of CAMSIRA

in most parts of the stratosphere, i.e. in the sunes range from 70 to 20 hPa. CR
underestimated the ozone sondes by up to 20% isttawsphere up to 30 hPa. The largest
underestimation of CR occurred in the lower and stidtosphere, where the maximum in
ozone partial pressure is located. In the uppeatagphere above 20 hPa, where the maximum
of ozone volume mixing ratio is located, the relatbiases of all data sets were smaller than

in the levels below. CR had almost no bias whekAECRA overestimated by up 10%.

Over the Arctic and NH mid-latitudes CAMSIRA and MA&RA agreed well with the sondes
in the whole stratosphere with relative biases wed®6. The absolute biases of CAMSIRA
were slightly smaller than the biases of MACCR artjgular in the lower stratosphere and
upper troposphere. CR overestimated the ozone\aig®rs by up to 25% in the stratosphere
and upper troposphere over the Artic and up to 20%e NH mid-latitudes. The relatives
biases of CR tended to be slightly smaller in thd stratosphere (50 hPa) than in the upper

and lower stratosphere.
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Over SH-mid latitides and Antarctica the annual biases in the sphé&ve were slightly

smaller in CAMSIRA than MACCRA but for both reansés they were below 10%. As over
the Arctic, the absolute tropospheric biases, i exception of the surface values, were
smaller in MACCRA since CAMSIRA showed an underrestiion of about 10%. CR had a

stronger underestimation in the lower and uppetatphere.

As the process of the ozone-hole formation canasilyebe demonstrated with annual means,
Figure 18 shows the monthly mean profile from AugosNovember over Neumayer Station
(70.7° S, 8.3° W). The two reanalysis agreed vegyl with the observations: vertical level

and magnitude of the ozone profile at the end ef dstral winter in August, the ozone
depletion in September and October and the closutbe ozone hole starting in the upper

stratosphere were well captured because of thendason of TC and limb-sounders profiles.

In contrast, CR showed a strong overestimation ugust in the middle and lower
stratosphere. Ozone in the upper stratosphere pte®ber was underestimated in CR
because of an exaggerated depletion whereas oz@se owerestimated in the lower
stratosphere. In the following months CR ozone reathtoo high in the lower stratosphere
and too low in the upper troposphere but the regulfCs matched the observations in a

reasonable way (see Figure 16)

5.5 Evaluation with the GOZCARDS ozone productint he upper stratosphere

Ozone sondes do not provide accurate measuremaote 40 hPa. The ozone bias profiles
shown in Figure 17 indicate higher values of MACCHRA the upper stratosphere and
mesosphere, i.e. from above 10 hPa to the modedftOpl hPa. Although the ozone mass in
this region is relatively small, the high valuestloé mixing ratios have a large impact on the
radiative transfer and the associated heating.ratesnvestigate the biases in that region we
used the Global OZone Chemistry And Related traae [Qata records for the Stratosphere
(GOZCARDS) product (Froidevaux et al., 2015). Ihssts of merged SAGE |, SAGE I,

HALOE, UARS and Aura MLS, and ACE-FTS data froneld979 to 2012. SAGE Il is used

as the primary reference in the merging procedorettie instruments. For most of the
CAMSIRA period, i.e. from 2004 onwards, Aura MLSdaACE-FTS are the dominating

instruments in the upper stratosphere. Tegtmeied.g2013) showed that ozone retrievals

from various instruments show a considerable spredlde upper stratosphere. ACE-FTS is
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biased high'5-10%)above 10 hPa and biased Iéelow (5-10%) belowl0 hPa against the

median of various retrievals.

Figure 19 shows cross sections of the GOZCARDS ymodnd relative bias of CAMSIRA,

MACCRA and CR in the vertical range from 50-0.3 hRathe region from 10-5 hPa
MACCRA had a positive bias of 10-15% in the tropac&l mid-latitudes, which has already
been reported in Inness et al. (2013). About hélthe 10 DU higher TCs in MACCRA

compared to CAMSIRA were caused by this overestonan the levels above 10 hPa. The
biases of CAMSIRA in that region were smaller amgywbetween 2.5 and -2.5%. CAMSIRA
underestimated the GOZCARDS data between 5 andalbiiRip to 7%, whereas MACCRA
slightly overestimated. In the lower mesosphere NIARZ underestimated the ozone

concentrations by up to 30%.

CR had very similar biases as CAMSIRA above 5 WPthe tropics and mid-latitudes. This
means that the assimilation of observations haghdir little influence in this region even if
no increments were added during the CAMSIRA assitoih above 1 hPa. Below 10 hPa the
cross section of the bias shows the already disdustsong overestimation of CR in the mid
and higher latitudes, which was largest in relatieems at around 20-15 hPa and the

underestimation in the tropics, which was largéstraund 50 hPa.
6 Tropospheric ozone

Correcting tropospheric ozone by the assimilationifG and stratospheric ozone profiles
remains a challenge because the observations enmaked by the high stratospheric mixing
ratios (Wagner et al., 2015). The modelled ozoe&ldi as well as the specification of the
vertical background error correlation have therefa large impact on the analysed

tropospheric ozone fields (Inness et al., 2015).

6.1 Spatial patterns of ozone at 850 hPa

We focus the discussion of the seasonal spatigénpatof monthly mean tropospheric ozone
mole fraction to the 850 hPa pressure level vahugsve also discuss tropospheric ozone at
500 and 200 hPa in the section 6.2 and comparisatis ozone sondes for different
tropospheric layers in section 6.3. Figure 20 shthesseasonal means of CAMSIRA and the
differences with CR and MACCRA at 850 hPa. Extraital NH ozone values of CAMSIRA
were mostly in the range from 35-55 ppb. The seasahe maximum was MAM, when

values were about 20 ppb higher than in the seasoinanum in DJF. Regional maxima of
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over 60 ppb were situated over the East Asia aadAtlabian Peninsula. JJA was the season
when the highest values occurred over the aredBeofegional maxima. In this season an
additional regional maxima occurred over tropicdtida. The SH values were generally
below 35 ppb. The seasonal maximum was in Auspehg (SON) and the minimum in

Austral summer and late autumn (SON).

CR was about 2—4 ppb higher than CAMSIRA in mostspaf the globe. Only in the higher
latitudes of SH as well as over the biomass burmegions in Africa, South America and
Maritime South East Asia, CAMSIRA was up to 4 pplwér than CR. The biggest large-
scale reduction by the assimilation in NH occurniredJF and the biggest increase in SH in
SON. The largest absolute increases of CAMSIRAfaul0 ppb occurred over the Southern
end of the Arabian Peninsula at the time of thes@eal maximum in JJA. This was the only

local maximum in CAMSIRA that was increased by élssimilation.

Tropospheric ozone was the only considered spdoiesvhich the differences between
CAMSIRA and MACCRA were larger than the differermetween CAMSIRA and CR. This
indicates the importance of the chemistry modeaaterization and the limitations of the
data assimilation in this respect. In the extrpite of NH and SH, CAMSIRA was 2-5 ppb
lower than MACCRA with an increasing difference tods the poles. The largest difference
occurred in NH summer in JJA. CAMSIRA was up togdh lower than MACCRA over the
continents in the tropics. On the other hand, CARIKSihad higher values than MACCRA
over the tropical oceans, the Sahara as well eeedocation of the strong maximum over the
Arabian Peninsula, which was not present in MACCRAe strong land-sea contrast in the
differences could be caused by (i) a differentcegficy of deposition over the oceans, (ii) the
discussed differences in biomass burning emissants (iii) differences in the chemistry

treatment (e.g. the isoprene degradation scheme).

The vertical distribution (see Figure 14) of theam@zone partial pressure in the troposphere
shows that CAMSIRA was lower than CR in the whatgbsphere apart from the tropical
upper troposphere, where it was up to 10% higherwveall as below 500 hPa in the SH
troposphere. Compared to MACCRA, CAMSIRA was uR096 higher in the middle and
upper troposphere in the tropics and subtropicsraneasingly lower towards the surface.
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6.2 Inter-annual variability

Estimating and understanding tropospheric ozonedfrehave been studied widely in the
literature, as reviewed in Cooper et al. (2014) Etwhks et al. (2015). Factors that influence
the inter-annual variability and trends of tropospt 0zone are changes in anthropogenic and
biomass burning emissions, the stratosphere-tréospexchange and the variability of the
meteorological fields. The observed trends vargngily because these different factors are
not uniform in space and time. Trends are oftenficed to specific seasons or levels.
Positive trends are more common than negative $rand are found over Europe and North

America during spring (Cooper et al., 2014).

Figure 21 shows time series of average ozone volonmeng rations over selected regions
and pressure levels at 850, 500 and 200 hPabéyiend the scope of the paper to investigate
the robustness of the trends in CAMSIRA in de@ilt it is worth noting that there were only
positives trends in the considered region at 880, &d 200 hPa in CAMSIRA. The trends
varied between 0-1.1%l/yr, with a global mean of%Qys. Many of these trends were

significant(95% confidence levellCR also had mostly positive but much smallerdsewith

a global mean of 0.17%/yr. The only significaninttein CR of 0.35%/yr was found over

East-Asia and the corresponding trend in CAMSIRAI e same value. Focusing over
Easter China, Verstraeten et al. (2015) find adtrenabout 1.2%/yr between 2005 and 2010,
which is considerably larger than the trend in CARIS and CR.

The time series in Figure 21 show that the high&lues in NH of CR with respect to
CAMSIRA occurred in the entire troposphere. In kner and mid troposphere CAMSIRA
was lower than CR especially during the seasonalimmim. In the tropics, CR and
CAMSIRA agreed well at 850 hpa, CR was slightlyH@gat 500 hPa and about 5 ppb lower
than CAMSIRA at 200 hPa. At this level CAMSIRA hadgignificant trend of 0.95%/yr in the
tropics, which was not present in CR. More detaiftddies are needed to confirm the

realness of this upper tropospheric trend in CAMSIR

A more detailed inspection of the time series shdwet from the start of 2013 CR and
CAMSIRA agree to higher degree than before in tiddie and upper part of the troposphere
in NH. The agreement is most likely caused by aiced correction by the assimilation in the
NH troposphere in this period. In early 2013 theiragated MLS ozone retrieval switched
from version V2 to the NRT V3.4 product (see TaB)e which had different levels and
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observations errors. The discontinuation of the ABRn spring 2012 do not seem to be the

reason for this behaviour.

The year-to-year variability of tropospheric ozdren MACCRA did often not resemble that
of CAMSIRA. In NH at 850 hPa (most prominently seienthe Arctic) MACCRA had
increasing values until 2008 after which they degbpo the values of CAMSIRA. This drift
of MACCRA and the associated negative trends areaatistic (as confirmed in section 6.3).
They were caused by applying the variational biagrection scheme to MLS data in
MACCRA (see Inness at al. 2013 for more detail$le Bigreement between CAMSIRA and
MACCRA increases with increasing height in the asttopics but in the tropics MACCRA
showed a much stronger trend at 200 hPa than CAKSIR

6.3 Evaluation with ozone sondes in the troposphere

Figure 22 show time series of seasonal biases @sspre ranges representing the lower,
middle and upper troposphere from 6 different ozemede sites. The selected stations had at
least one observations for each month of the 20@% 2eriod and are examples for Europe
(De Bilt), North America (Huntsville), the tropiddNairobi), the Arctic (Ny-Alesund) and
Antarctica (Neumayer Station). To present SoutteAse chose Hong Kong Observatory,
which had complete cover from 2003-2012. Theseviddal time series depend on the
specific characteristics of the individual stati@msl are therefore less representative than the

averages over the gridded data sets shown in aeg:20

In the lower troposphere (950-700 hPa) over DeBiuntsville and Nairobi, CR and
CAMSIRA had seasonal biases in the mostly in tmgeaof -7—7 ppb. In the polar regions at
Neumayer Station and Ny-Alesund both CR and CAMSiRWerestimated the observations.
At all locations CAMSIR was lower in the lower tagphere than CR, which meant that
CAMASIRA had mostly a larger absolute bias than CRHAhg Kong Observatory both
CAMSIRA and CR overestimated the observations Wm#ses in the range between 0-10 ppb.

In the middle troposphere the absolute biases oMSIRA and CR were of the same
magnitude but of different signs. In the upper tgphere CR overestimated the observations
by about 10 ppb whereas the bias of CAMSIRA renthimelow 5 ppb. The overestimation of
CR isprebablylikelycaused by the influence of the stratosphere w@&avas too high (see
section 5.4). Over Nairobi the biases of CR and GNRA were very similar in all levels but

CAMSIRA had overall lower biases in the lower trepbere. In the pressure range 400-300
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hPa in the tropics the impact of stratosphericdsas CR is less strong because of the higher

tropopause height in this region.

The biases for all three data sets at Ny-Alesunahstiille and Hong Kong Observatory
showed a pronounced seasonality in the middle gmkrutroposphere. At Huntsville the
spring maximum was especially overestimated, f.eccurred 2-3 month too early. At Ny-
Alesund the overestimation was caused by too higes in summer and autumn. Over

Hong Kong Observatory the pronounced observed gpnigximum was not well reproduced.

As already discussed in section 6.2, the charatiesiof the bias of CAMSIRA changed at
the start of 2013 mainly in the upper parts of Kie troposphere but also throughout the
troposphere over higher latitudes. In this perivel CAMSIRA biases resembles much more
the bias of CR which often mean an increase inaterage values, which could cause a

spurious enhancement of positive trends.

At Neumayer Station CAMSIRA increased in a stepewisanner already at the start of 2012,
which changed the bias from an underestimation sbght overestimation together with an
increased seasonality. This behaviour could beechby the discontinuation of MIPAS in

spring 2012 (see Table 2). Although the MIPAS estais were only stratospheric profiles,
the combined assimilation with total column reteksy can trigger a correction in the

troposphere (Flemming et al., 2011).

MACCRA had a less stable bias than CAMSIRA. In kbmwer and mid-troposphere biases
from 2006—-2008 were much higher than in the reshefperiod, when they resembled more
the biases of CAMSIRA and CR. This confirms thag thscussed inter-annual variability of
MACCRA seem less realistic than that of CR and CARFS

It should be noted that both MACCRA and CAMSIRA fsoéd from larger than typical
negative biases in the NH in the first half of 20@®ich can probably be explained by biases

in the initial conditionsand the short spin-up period of 1 month only

6.4 Evaluation with Airbase Ozone surface observations

The AirBase and EMEP databases host operationajuaility observations from different
national European networks. All EMEP stations areated in rural areas, while Airbase
stations are designed to monitor pollution at défe scales. Stations of the rural regime can

capture the larger scale signal in particular fa, @hich is spatially well correlated
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(Flemming et al., 2005). Therefore EMEP stationd anly rural Airbase stations were used

in the evaluation to account for the model resolutof C-IFS.

Figure 23Figure23%hows the average diurnal cycle for each seasdheobbserved values
and CAMSIRA, CR and MACCRA. CR and CAMSIRA were yeaimilar and matched well
the shape of the observed diurnal cycle. Howeweretlvas a constant bias of about 5 ppb in
MAM and DJF. CR had slightly smaller biases thanMZARA in JJA in the afternoon.
MACCRA had a larger diurnal range because the oag-tvalues were higher than the ones
of CAMSIRA. This meant smaller day-time biases iAM and DJF and hence a smaller
seasonal bias for MACCRA. But it also led to a d¢desable (10 ppb) day time
overestimation in JJA and a smaller overestimaitio8ON as well as a less well fit with the

shape of the observed diurnal cycle in all seasons.

The winter and spring underestimation of CAMSIRAJADR has already been reported in
Flemming et al. (2015). To investigate the possitdases of this seasonal bias Figure 24
shows the average seasonal cycle at the surfattee &EMEP-AirBase stations and in the
lower troposphere (950-750 hPa) over ozone sondiorss. The differences between
CAMSIRA, CR and MACCRA were more pronounced in tbeer troposphere than at the
surface. This indicates again that the assimilakias little influence on the surface values.
CR matched the observations in the lower troposphesil in all seasons apart from SON,
when it overestimated. MACCRA had similar biase<&but overestimated additionally in
JJA and especially over southern Europe, as shawfatragkou et al. (2015). CAMSIRA
underestimated throughout the year with the exceptf SON. As the patterns of the
seasonal biases were different in the lower tropespand at the surface, we conclude that
the winter and spring-time bias at the surfaceat predominately caused by tropospheric
biases. It is more likely that the simulation ofrface processes such dry deposition and
titration by freshly emitted NO are the reasonstlieg bias at the surface.

7 Summary and conclusions

CAMSIRA is a new reanalysis data set of aerosol,&0@ ozone for the period 2003-2015. It
has been produced by assimilating satellite redteeof AOD, TC CO as well as TC and
stratospheric ozone profile retrievals from vari@essors in C-IFS using the ECMWF 4D-
VAR approach. A similar set of observations wasinagated in MACCRA, a previous
reanalysis data set for the period 2003-2012. Arobmun with C-IFS (CR) without the
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assimilation of AC observations was carried to rintee impact of the assimilated

observations.

7.1 CAMSIRA compared to MACCRA

Compared to its predecessor MACCRA, CAMSIRA hadlEn&iases of surface and lower
tropospheric CO as shown by the comparison with M@ZAAGOS CO profiles and
NOAA-GMD CO flask observations. However, MACCRA himdver CO biases in NH mid
and upper troposphere with respect to the MOZAIG@S CO profiles. The biases of TC
ozone against the WOUDC Dobson sun photometers evhenluced from 5-10 DU in
MACCRA to 0-5 DU in CAMSIRA. The biases of CAMSiRAgainst AERONET AOD
observations were lower in most parts of the gleiib the exception of South East Asia. A
larger improvement was the elimination of the pesibias of upper stratospheric ozone in
MACCRA as shown by the comparison with the GOZCAR&%®ne product. CAMSIRA
also had a better agreement with the shape of dambserved diurnal cycle of AIRBASE
ground-level ozone observations in Europe in aksas but winter and spring time seasonal
values were still underestimated by 5 ppb. Welatte all the aforementioned differences
between CAMSIRA and MACCRA, which were mainly impeomnents, to the change of the
assimilating model, which was the coupled syste8-MOZART for MACCRA and C-IFS

with updated aerosol parameterizations for CAMSIRA.

Progress achieved by changes to the assimilatezh@i®ns was a noteworthy improvement
of the temporal consistency of the tropospheric &@ ozone fields in CAMSIRA. The

assimilation of IASI CO in MACCRA from 2008 onwartlad led to a decrease in the TC CO
values because of the biases against the MOPITA sdf which was assimilated during the
whole period. Consequently, the MACCRA CO fieldshe mid- and high latitudes of both

hemispheres showed strong negative trends whick wetr in agreement with linear trends
estimated from CO flask surface observations. Om dther hand, the linear trends of
CAMSIRA agreed well with the observed trends, whigre close to zero in SH and reached
values of about 2 ppb/yr in the NH mid and higlituates. The mid and upper tropospheric
ozone fields of MACCRA suffered from an increasethe period 2004-2008 caused by a
applying disproportionate application of the intestrument bias correction to the MLS

column retrievals, which was corrected for CAMSiRAness et al., 2015).
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A discontinuity in the upper and middle tropospberzone field was noted for CAMSIRA
after January of 2013 and was due to a change rsioveof the assimilated MLS ozone
retrievals. Although this change in CAMSIRA did moean an increase in the bias, it has to
be considered when trends of tropospheric ozonesfiare to be calculated from the
CAMSIRA data set.

The AOD in CAMSIRA was about 0.01 lower than MACCRA most parts of the globe,
mainly because of a 50% lower burden of sea s&IAMSIRA. CAMSIRA had higher AOD
values over the desert dust emitting regions irtiNafrica and the global desert dust burden
was higher in CAMSIRA. CAMSIRA had 25% higher AODntribution by sulphate than
MACCRA, which is currently under scrutiny.

7.2 CAMSIRA compared to CR

The comparison with CR showed that the assimilaks@hto a clear improvement for CO,

AOD and TC ozone as well as stratospheric and uppeospheric ozone.

The assimilation of MOPITT CO increased the valirethe NH mid-latitudes more in the
beginning of the period, which could indicate asger underestimation of the anthropogenic
emissions in this period as well as an overestonatf the trend in the emissions. The
tropical and SH values were reduced by the asdionla which may indicate an
overestimation of the biomass burning emissionthis region. However, the rather zonally
homogeneous CO differences between CR and CAMSIiR@est that not only biases in the
fire emissions but also of th&O lifetime andchemical production as well #se CO transport

need to be investigated further.

The Cariolle scheme for stratospheric ozone, winak used in C-IFS, suffered from a large
overestimation of NH mid-and high latitude stratospc ozone (50-100DU) and an
underestimation in the tropics (-20 DU). These ésasere corrected by the assimilation and
the resulting biases of CAMSIRA were of 5 DU andiéo. Also in the SH high-latitudes the
Cariolle scheme overestimated the mean TCs esjyeialJA by up to 30 DU but the depth
and the year-to-year variability of the ozone hokes well reproduced by CR. Nevertheless,

CAMSIRA had more realistic TCs and profiles than @Ring the annual ozone hole events.

The assimilation had only little impact on the ozovalues at the surface and in lower
troposphere, where the biases of CAMSIRA where siomes even slightly larger than of CR.

The small influence could be explained by the fdbgt dry deposition velocities and
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important ozone precursors such asyM@re not constrained during the assimilation pssce
Also contributing was the fact that no direct trepberic ozone observations were assimilated

nor that the vertical correlations in the modelkmgound errors were strong enough to cause

a correction of the surface levels based on theldesbove—The assimilation was more

beneficial in the upper troposphere, where thdagpderic influence is more important.

CAMSIRA had about 0.05 higher AOD values than CRrafrom the desert dust emission
regions, where the assimilation strongly reduced rtitodelled values. CAMSIRA tended to
slightly overestimate the AERONET AOD observatiaared CR to underestimate but the

overall biases of CAMSIRA were smaller.

Despite moderate differences in AOD, CR and CAMSIiad considerable differences in
the aerosol speciation. The global annual seabsatien by C-IFS in CR of 15 Tg was
considerably higher than the result of other maaiglstudies (Textor et al., 2006 and Spada
et al., 2012). Less efficient loss processes mag ptayed a large role in this overestimation.
The assimilation strongly reduced the sea saltdsuid CAMSIRA to about half of the value
in CR. Also the global desert dust burden was reduny 25% by the assimilation leading to
lower total AOD values over the desert dust emissicegions of Sahara, Australia and
Middle Asia. Despite the fact that CAMSIRA had &@@maller global aerosol burden, its
average global AOD was about 10% higher than tleeadrtCAMSIRA. This was caused by a
strong increase in sulphate in CAMSIRA. The optmalperties and assumed size distribution
of sulphate make extinction more efficient for #sne amount of mass. Sulphate became the
dominant contribution to AOD in the regions awagnfr the main aerosol emissions. The
strong contribution of sulphate may have partly pensated for the inadequate
representation of other secondary aerosols in CHeSvever its magnitude and spread over
the whole globe seems excessive. It might be calbgdtle lack of strong loss processes in
the free troposphere as well as biases in the dagchobservations over the open oceans. As
the CR underestimates the assimilated AOD, thesakrmass is increased during the
assimilation, initially by the same relative amotortall components. However, a longer life-
time of sulphate causes a longer lasting changegaosd to the other aerosol species, which
made sulphate the dominating aerosol. This distortif the speciation can not be corrected
by the assimilated MODIS AOD retrievals, which dot rcontain information about the

speciation.

50



1436

1437
1438
1439
1440
1441
1442
1443

1444
1445
1446
1447

1448
1449
1450
1451
1452

1453
1454

1455
1456
1457
1458
1459
1460
1461

1462
1463
1464
1465

1P66

7.3 Recommendations for future AC reanalysis

CAMSIRA is considerable improvement over MACCRA esiplly with respect to the
temporal consistency. To further improve on thipamant aspect, one should make sure that
consistent input emission data sets and assimilabseérvations are used. Changes in the
assimilated observations, such as the version ehamghe MLS after 2012 should be
avoided. The use of MEGAN simulated biogenic eroissifor the whole period is advisable
even if no related jumps were detected in thisystdd ensure consistency between the
aerosols and chemistry components, the sameeBi(i3sions should be used.

As improvements to lower tropospheric ozone byrnagaiing current satellite observations
are difficult to achieve, emphasis needs to beopuhe improved simulation of chemistry and
dry deposition. The assimilation of tropospherimmz column retrievals as well as of
tropospheric N@may further help to improve the ground level ozonthe reanalysis.

A prospect is to enable the correction of emissibased on observations of atmospheric

composition with the C-IFS data assimilation syst&ims could also improve the analysis of

tropospheric ozone as ozone precursor emissiongvibeucorrected. An intermediate step in

this direction is to better account for the emissimcertainty in the model background error

statistics.

The high sulphate burden introduced by the asdiimilecanperhapsbe avoided by (i) the
introduction of more intensive loss processes @nftkee troposphere, (ii) an increase of the

organic matter to better represent non-accounted &@nponents and (iii) changes to the

vertical structure of the background errors to dvibie accumulation of aerosol mass away
from the surface. In general, any modelling impraoeats for a better speciation will reflect

in a more realistic aerosol analysis and a bettplod@ation of the available observations. If

possible the latest reprocesses MODIS AOD datasetld be used (collection 6).

In CAMSIRA and MACCRA the aerosol and chemistry esties were independent. A better
coupling between the two and the meteorologicalfation is desirable. For example the use
of aerosol to modulate photolysis rates and hetregus uptake on aerosol as well as the
simulating the impact on aerosols and ozone withéradiation transfer calculation of IFS

will be important next steps.
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Data access

The CAMSIRA data are freely available. Please adrtapernicusupport@ecmwf.int
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1946
MACCRA CAMSIRA
Period 01/2003-12/2012 01/2003-12/2015
Horizontal resolution 80 km (T255) 110 km (T159)
Vertical resolution 60 layers from surface to 0.1 hPa as MACCRA
Anthropogenic Emissions MACCIity (trend: ACCMIP + RC8.5),| as MACCRA& CO emission
AEROCOM upgrade (Stein et al., 2014)
Chemistry module MOZART-3 C-IFS CBO05 / Cariollzome
Assimilated CO| MOPITT (V4) & IASI (from 2008 onwards) MOPITT (V5)& updated
observations error statistics (Inness et al.,
2015)
Assimilated ozong SBUV-2, oM, MLS, GOME-2,| as MACCRA & MIPAS
observations SCIAMACHY, GOME, MIPAS (01/2003- (2003-2012)
06/2004)
Ozone MLS bias correction] On Off
Assimilated AOD| MODIS (Aqua and Terra) + VarBC as MACCRA
observations
Fire emissions GFED (2003-2008) and GFAS v0 (2022 GFAS v 1.2 (2003-2015)
)
IFS model version CY36R2 CY40R2
Assimilation method and ECMWF 4D-VAR as MACCRA
model
Meteorological observationsECMWF RD setup (satellites, sondes, surfacegs MACCRA
assimilated
1947 Table 1 Important commonalities and differencesveett MACCRA and CAMSIRA
1948
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1949
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1950

1951

Instrument References Version Period Type Data usage
MOPITT Deeter et al. (2011) V5 TIR 20030101- COTC 65N—-65S
Terra NRT 20121218 QC=0
From 20121219
GOME Munro et al. (1998) 20030101- 03 profile | 80N-80S
ERS-2 20030531 SOE>15,
QC=0
GOME-2 Hao et al. (2014) NRT 20120901- 03TC SOE>10
Metop A GDP4.4 20130714 QC=0
NRT From 20130715
GDP4.7
GOME-2 Hao et al. (2014) NRT From 20140101 | O3 TC SOE>10
Metop B GDP4.7 QC=0
MIPAS von Clarmann et al. NRT 20030101- O3 profile | QC=0
Envisat (2003, 2009) cCl 20040326
20050127-
20120331
MLS Froidevaux et al. (2008) V2 20040808— O3 profile | QC=0
Aura NRT V3.4 20121231
From 20130107
oMl Liu et al. (2010) V003 20041001- 03TC SOE>10
Aura NRT 20121231 QC=0
From 20130101
SBUV/2 NOAA- | Bhartia et al. (1996) V8 20040101 03 PC SOE>6
16 20081020 6 layers QC=0
SBUV/2 NOAA- | Bhartia et al. (1996) V8 20030101- 03 PC SOE>6
17 20121130 6 layers QC=0
SBUV/2 NOAA- | Bhartia et al. (1996) V8 20050604— 03 PC SOE>6
18 20121217 6 layers QC=0
SBUV/2 NOAA- | Bhartia et al. (1996) V8 From 20090100 O3 PC | SOE>6
19 6 layers QC=0
SCIAMACHY Eskes et al. (2012) CCl 20030101- 03TC SOE>6
Envisat 20120408 QC=0
MODIS / Terra Remer et al. (2005) Col.5 20030101- AOD 70N-70S
NRT Col 5 20080731 550nm
From 20080801
MODIS / Aqua Remer et al. (2005) Col.5 20030101- AOD 70N-70S
20080731 550nm
NRT Col.5

From 20080801

Table 2 Assimilated satellite observations in CARISI
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1952

1953
1954

1955
1956

Area

Coordinates

North America

165°W-55°W, 25°N-75°N

Europe

10°W-45°E, 38°N-70°N

East Asia

90°E-150°E/10°N-55°N

South America

82°W-30°W/40°S-15°N

Tropical Africa

15°W-55°E/10°S-20°N

Northern Africa

15°W-55°E/20°N-35°N

Maritime South East Asia

90°E-150°E/10°S-10°N

Tropics 23°S-23°N
Arctic 60°N-90°N

Antarctica 90°S-60°S
NH mid latitudes 30°N-60°N
SH mid-latitudes 60°S-30°S

Table 3 Coordinates of regions
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1957

1958
1959

1960

TERRA MOPITT

METOP-B GOME-2
ENVISAT MIPAS
ENVISAT GOMOS
ENVISAT SCIAMACHY st s s s s

METOP-A GOME-2
NOAA 19 SBUV-2

NOAA 18 SBUV-2

NOAA 17 SBUV-2

NOAA 16 SBUV-2

AURA OMI
AURAMLS

(LLPNCH) R — S— . ee— . S—— . FSwe— . . . SOSS

TERRA MODIS
AQUA MODIS

2004 2006 2008 2010 2012 2014

Figure 1 Time line of assimilated AC satellite retals from different instruments
assimilated in CAMSIRA (see Table 2)
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1961
1962 Figure 2 Average TC CO (}®nolecules/cR) of CAMSIRA (2003-2015, left) and
1963 difference against CR (2003-2015, middle) and MAGCGR003-2012, right) for the
1964 seasons DJF (row 1), MAM (row 2), JJA (row 3) ai@NS( row 4).
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Figure 3 Zonally averaged CO cross section of CARS{ppb) (2003-2015, left) and
relative difference (%) against CR (2003-2015, najilcand MACCRA (2003-2012,
right).
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1971

1972
1973
1974

1975

Figure 4 Time series of monthly mean CO burden ¢Mg) different regions (see Table
3) for the period 2003-2015 from CAMSIRA (red), ®Rie) and MACCRA (green,
2003-2012).
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1976

1977
1978
1979

1980

Figure 5 Average relative bias (%) in CO of CAMSIRMACCRA and CR against
MOZAIC / IGAOS flight profiles averaged over diffet regions (see Table 3) for the
period 2003-2012.
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1981

1982
1983
1984
1985

1986

Figure 6 Zonal average of mean surface CO in ppbeoled at NOAA-GMD stations
(2003-2014) and values from CAMSIRA, CR and MAC(@RBA3-2012) (left) and zonal

median of linear trend in ppb/yr (right). The erroars indicate the range of the observed

values.
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1987
1988

1989

1990
1991
1992
1993
1994

1995

Figure 7 Globally average of total AOD (550 nm) aspecies AOD (left) and global total
and species and burden in Tg (right) of sea s&i)(Slesert dust (DD), organic matter
(OM), black carbon (BC) and sulphate aerosol {50r CAMSIRA (red|), CR (blue) and
MACCRA (green) and the median of the AeroCom mudei-comparison (yellow,
Kinne et al., 2006 and Textor et al., 2006).
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Figure 8 Total average AOD (row 1, scale max 18D of desert dust (row 2, 1.0), sea

salt (row 3, 0.5), sulphate (row 4, 0.5), organiatter (row 5, 0.5) and black carbon
(row 6, 0.11) of CAMSIRA (average 2003-2015, lefty differences against CR

(average 2003-2015, middle) and MACCRA (averag&-22012, right).
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2001

2002
2003
2004

2005

Figure 9 Zonally averaged total aerosol mass mixiagjo (10°%kg/kg) of CAMSIRA
(2003-2015, left) and relative difference (%) agailfCR (2003-2015, middle) and
MACCRA (2003-2012, right).
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2006

2007
2008
2009

2010

Figure 10 Time series of monthly mean AOD oventhele globe (land or seas points)
and for different regions (see Table 3) for theiper2003-2015 from CAMSIRA (red),
CR(blue) and MACCRA(green, 2003-2012).
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2011

2012

2013
2014
2015
2016

2017

Figure 11 Time series of monthly mean bias aga®iSRONET AOD observations
averaged over the whole globe (top left), Europe (ight), North America (middle left),
Africa (middle right), South East Asia (bottom)lefhd South America (bottom right) for
CAMSIRA (red), CR (blue) and MACCRA (green).
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2018

2019
2020
2021

2022

Figure 12 Time series of monthly mean AOD from ABRD observations (light blue
dots), MODIS retrievals (brown dots) and from CARISi(red), CR (blue) and MACCRA
(green) at Nauru (left) and Lake Argyle (right).
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2026

2027
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Figure 13 Seasonal averaged TC ozone (DU) from CRXSleft), difference between
CAMSIRA and CR (middle) and CAMSIRA and MACCRA(rig003—-2012, different
scale) for the seasons DJF (row 1) MAM ( row 2A Jdbw 3) and SON (row 4).
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2028

2029
2030

2031

Figure 14 Zonally averaged ozone partial pressum®4) of CAMSIRA (2003—-2015, left)
and relative difference (%) against CR (2003—-20mkldle) and MACCRA (2003-2012)
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2033
2034

2035

Figure 15 Monthly ozone TC (DU) area averaged odifierent regions (see Table 3)
from CAMSIRA (black), CR (blue) and MACCRA (gréen003-2015.
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2036

2037

2038
2039
2040
2041

2042

Figure 16 Time series of monthly mean bias in DWiast WOUDC Dobson sun
photometers for the globe (top left), the tropicg (right), NH mid-latitudes (middle left),
SH mid-latitudes (middle right), the Arctic (bottdeft) and Antarctica (bottom right) for
CAMSIRA (red), CR(blue) and MACCRA (green).
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2044
2045
2046
2047

2048

Figure 17 Mean relative bias of CAMSIRA (red), MAZC (green) and CR (blue)
against ozone sondes in the Arctic (top left), Nid-latitudes (top middle), Tropics (top
right), SH-mod-latitudes (bottom left) and Antaceti (bottom middle) for the period
2003-2012.
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2050
2051

2052

Figure 18 Monthly mean ozone profiles (mPa) at Neeyen Station from ozone sondes, of

CAMSIRA (red), MACCRA (green) and CR (blue) forustigo November (2003-20012).
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2054
2055
2056

2057

Figure 19 Cross sections (50-0.3 hPa) of the retatiases of zonally averaged ozone

(%) of CAMSIRA (left), CR (middle) and MACCRA (t)ghgainst the GOZCARDS
product (GOZ) for the period 2005-2012.
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Figure 20 Seasonal averaged ozone at 850 hPa (fsjpb) CAMSIRA (left), difference
between CAMSIRA and CR (middle) and CAMSIRA and@®RXC(right, 2003—-2012) for
the season DJF (row 1), MAM (row 2 ), JJA (rovaB) SON ( row 4).
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2063
2064
2065

2066

Figure 21 Monthly ozone volume mixing ratio at 8500 and 200 hPa over different
regions (see Table 3) from CAMSIRA (red), CR (bare) MACCRA (green) for 2003—
2015.
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2067

2068
2069
2070
2071

Figure 22 Time series of seasonal mean ozone higpl in the pressure ranges 950-
700, 700-400 and 400-300 hPa against ozone soridhly-&lesund, DeBilt, Huntsville,
Hong Kong Observatory, Nairobi and Neymayer stai@nCAMSIRA (red), CR (blue)
and MACCRA (green).
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2073
2074
2075

2076

Figure 23 Average diurnal cycle of ozone at EMEFRABe stations in Europe (black)
for the seasons MAM (top left), JJA (top right),Ns®@ottom left) and DJF (bottom right)
for CAMSIRA (red), CR (blue) and MACCRA (green).
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2078
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2080

Figure 24 Average seasonal cycle of surface ozoneMEP-AirBase stations (left) and
at European ozone sonde sites in the pressure rédffe-700 hPa) for CAMSIRA (red),
CR (blue) and MACCRA (green).
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