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Abstract. An eight-year long reanalysis of atmospheric com- commercial aircrafts over airports through most of the tro-

position data covering the period 2003—2010 was constructegosphere, and have larger negative biases in the boundary

as part of the FP7-funded Monitoring Atmospheric Compo- layer at urban sites affected by air pollution, possibly due to

sition and Climate project by assimilating satellite data into an underestimation of CO or precursor emissions.

a global model and data assimilation system. This reanaly- Stratospheric ozone fields from the MACC reanalysis

sis provides fields of chemically reactive gases, namely caragree with ozonesondes and ACE-FTS data to witHid %

bon monoxide, ozone, nitrogen oxides, and formaldehyde, ag1 most seasons and regions. In the troposphere the reanaly-

well as aerosols and greenhouse gases globally at a horizomsis shows biases 6f5 % to +10 % with respect to ozoneson-

tal resolution of about 80 km for both the troposphere anddes and aircraft data in the extratropics, but has larger nega-

the stratosphere. This paper describes the assimilation sysive biases in the tropics. Area-averaged total column ozone

tem for the reactive gases and presents validation results faxgrees with ozone fields from a multi-sensor reanalysis data

the reactive gas analysis fields to document the data set argkt to within a few percent.

to give a first indication of its quality. NO; fields from the reanalysis show the right seasonal-
Tropospheric CO values from the MACC reanalysis areity over polluted urban areas of the NH and over tropical

on average 10-20% lower than routine observations frombiomass burning areas, but underestimate wintertime NO
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4074 A. Inness et al.: The MACC reanalysis

maxima over anthropogenic pollution regions and overesti-spheric composition as part of the GEMS project. MACC
mate NQ in northern and southern Africa during the tropical used a newer model than the one used in GEMS, and bene-
biomass burning seasons. fited from the assimilation of more and reprocessed satellite

Tropospheric HCHO is well simulated in the MACC re- data and from having a higher horizontal resolution (80 km
analysis even though no satellite data are assimilated. linstead of 125km as in GEMS). The period 2003-2010
shows good agreement with independent SCIAMACHY re-was chosen based on consideration of the available satellite
trievals over regions dominated by biogenic emissions withdata of atmospheric composition. Reactive gases were calcu-
some anthropogenic input, such as the eastern US and Chinated with a system configuration where the CTM Model for
and also over African regions influenced by biogenic sourcesDZone And Related chemical Tracers (MOZART-3; Kinni-
and biomass burning. son et al., 2007; Stein et al., 2009) was coupled to the IFS
(Stein et al., 2012).

Assimilation of satellite data on atmospheric composition
with focus on stratospheric ozone has been carried out for
1 Introduction over a decade (6lm et al., 1999; Khattatov et al., 2000;

Dethof and HIm, 2004; Geer et al., 2006; Arellano et al.,
Monitoring Atmospheric Composition and Climate (MACC) 2007; Lahoz et al., 2007; Dragani, 2010, 2011), and global
is a research project with the aim of establishing theozone forecasts are now produced routinely by several me-
core global and regional atmospheric environmental serteorological centres. ECMWEF, for example, produces daily
vices for the European GMES (Global Monitoring for En- ozone analyses and forecasts, the Koninklijk Nederlands Me-
vironment and Security) initiative. The project was funded teorologisch Instituut (KNMI) uses the TM3-DAM system
from 1 June 2009 to 31 December 2011 under the Sevio produce operational ozone forecasts and analyses (Eskes
enth Framework Programme of the European Union. MACCet al., 2002), and the National Centers for Environmental
built on the predecessor projects Global and regional EarthPrediction (NCEP) assimilate several ozone products into
system Monitoring using Satellite and in-situ data (GEMS; their operational Global Forecast Systehtty://www.cpc.
Hollingsworth et al., 2008) and PROtocol MOniToring for ncep.noaa.gov/products/stratosphere/stifd}. The Belgian
the GMES Service Element: Atmosphere (PROMOMM&p: Institute for Space Aeronomy has the Belgian Assimilation
[lIwww.gse-promote.ory/ The project combined state-of- System for Chemical Observations (BASCOE, Errera et al.,
the-art atmospheric modelling with earth observation data2008), while the German Aerospace Centre applies the Syn-
to provide information services covering European air qual-optic Analyses of Chemical constituents by Advanced Data
ity, global atmospheric composition, climate, and UV and Assimilation (SACADA) model (Elbern et al., 2010). Both
solar energy. The global model and data assimilation sys4D-Var systems are dedicated to the assimilation of strato-
tem used in MACC was based on the European Censpheric chemical observations making use of explicit chem-
tre for Medium-Range Weather Forecasts’ (ECMWF) Inte- istry. Data assimilation is now also increasingly being used
grated Forecast System (IFS). More information and a hisfor other chemical trace gases in both global and regional
tory of changes introduced in the IFS since 1985 is avail-model systems (Baklanov et al., 2008; Sandu and Chai, 2011,
able from http://www.ecmwf.int/products/data/operational Zhang et al., 2011), and data assimilation code has been im-
system/index.htmlin GEMS, IFS had been extended to in- plemented in several chemical transport models (e.g. GEOS-
clude chemically reactive gases (Flemming et al., 2009; In-Chem, Henze et al., 2007; Parrington et al., 2008). Assimi-
ness et al., 2009), aerosols (Benedetti et al., 2009; Morcrettéation of tropospheric constituents, however, is still in its in-
et al., 2009) and greenhouse gases (Engelen et al., 2009gncy.
so that ECMWF's four-dimensional variational data assim- While several centres have produced meteorological re-
ilation (4D-Var) system could be used to assimilate satel-analyses, for example NCEP (Kalnhay et al., 1996), ECMWF
lite observations of atmospheric composition at global scale(Gibson et al., 1997; Uppala et al., 2005; Dee et al., 2011),
Chemical transport models (CTMs) were coupled to the IFSthe Japan Meteorological Agency (JMA; Onogi et al., 2007)
using the Ocean Atmosphere Sea Ice Soil coupling softwarend the Global Modeling and Assimilation Office (Schu-
(OASIS4; Valcke and Redler, 2006) to provide initial fields bert et al., 1993), there has been less activity with re-
and chemical production and loss rates for the reactive gasespect to reanalyses of atmospheric composition. ECMWF
(Flemming et al., 2009). included the assimilation of ozone data in several of its re-

MACC generated data records of atmospheric composianalysis projects, and reanalysed ozone fields are available
tion for recent years, data for monitoring present conditions,from ERA-40 (Dethof and Elm, 2004) and ERA-Interim
and forecasts of the distribution of key constituents for a few(Dragani, 2010, 2011). At KNMI a 30yr long ozone data
days ahead. As part of MACC an eight-year long reanaly-set was produced from a multi-sensor reanalysis (Van der
sis over the period 2003-2010 of atmospheric compositionA et al., 2010).
data was constructed. The MACC reanalysis was built on MACC was in a position to combine a wealth of atmo-
the experience gained by producing a reanalysis of atmospheric composition data with a numerical model and data
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assimilation system to produce a reanalysis of atmospheriozone destruction during Austral spring still leads to strong
composition. This paper describes the setup of the reactivand rapid depletion of the ozone layer (“ozone hole”). Strato-
gas data assimilation system used in the MACC reanalysispheric ozone destruction happens also on a smaller scale
of atmospheric composition. The reactive gases that wer@ver the Arctic in Boreal spring (Manney et al., 2011).
included as IFS model variables in the MACC reanalysis Nitrogen oxides play a key role in tropospheric chemistry
were ozone (@), carbon monoxide (CO), nitrogen oxides and are the main ingredient in the formation of ground-level
(NOy = NO+NO»), and formaldehyde (HCHO). These four ozone. Their sources are anthropogenic emissions, biomass
gases were chosen because they play a key role in the cherburning, soil emissions and, at altitude, lightning and avi-
istry of the atmosphere and have been measured by spacation. NG has a lifetime of a few days in the free tropo-
borne instruments with sufficient density and continuity to sphere and less in the boundary layer, so that concentrations
deliver strongly constrained analyses. are larger over land than over the oceans. The largest con-
Carbon monoxide has natural and anthropogenic sourcesentrations are found over industrial and urban regions of the
(Seinfeld and Pandis, 2006; Kanakidou and Crutzen, 1999)eastern US, California, Europe, China and Japan (see Fig. 23
It is emitted from the soil, plants and the ocean, but itsbelow). Loss processes for N@re the formation reactions
main sources are incomplete fossil fuel and biomass burnef OH to HNGs, with Oz to NO3 at night, and formation of
ing, which lead to enhanced surface concentrations. Anotheperoxyacyl nitrates as well as dry deposition.
important source of CO is the oxidation of anthropogenic and Formaldehyde is one of the most abundant hydrocarbons
biogenic volatile organic compounds (VOCSs). In areas within the atmosphere. Even though its primary emission sources
large biogenic emissions (e.g. tropical rain forests), oxida-are industrial activities, fossil fuel burning, and biomass
tion of biogenic VOCs contributes strongly to the produc- burning, the largest contribution to the HCHO budget is its
tion of CO (Griffin et al., 2007). Hudman et al. (2008) found secondary source from the oxidation of VOCs, in particular
that over the eastern US during summer the biogenic sourceisoprene (Atkinson, 1994; Abbot et al., 2003; Palmer et al.,
of CO were higher than the anthropogenic ones due to de2003, 2006; Millet et al., 2008). The main source of HCHO
creasing anthropogenic emissions. The highest CO concerin the background troposphere is the oxidation of methane,
trations are found over the industrial regions of Europe, Asiawhich accounts for more than half of the global HCHO pro-
and North America (see Fig. 3 below). Surface concentra-duction (Stavrakou et al., 2009). In the continental bound-
tions are higher during the winter than during the summerary layer, the oxidation of nhon-methane VOCs dominates.
months because of the shorter lifetime in the summer duérhe main sinks of HCHO are photolysis and oxidation by
to higher hydroxyl radical (OH) concentrations and more in- OH. HCHO has a short lifetime of a few hours, making it
tense mixing processes. Tropical biomass burning is mostina good indicator of hydrocarbon emission areas. While the
tense during the dry season (December—April in the North-data quality of the individual satellite retrievals of HCHO
ern Hemisphere (NH) tropics, July—October in the South-was not sufficient to allow active assimilation in the MACC
ern Hemisphere (SH) tropics). CO has a lifetime of severalreanalysis, passive monitoring was performed by the assimi-
weeks and can serve as a tracer for regional and intercontiation system.
nental transport of polluted air. The main loss process is the In this paper we describe results for the fields of CQ, O
reaction with the OH radical. NOyx and HCHO. The paper is structured in the following
Ozone is an important species for chemistry of the tro-way: Sect.2 describes the coupled IFS global reactive gas
posphere. Tropospheric ozone is a regional-scale pollutanfGRG) system and the data assimilation setup for the reac-
and at high concentrations near the surface harmful to hutive gases. This includes information about the data assimila-
man health. Photolysis of ozone, followed by reaction with tion system, aspects of the coupling between the IFS and the
water vapour, provides the primary source of the hydroxyl CTM, and information about satellite and emission data that
radical. Ozone is also a significant greenhouse gas, partiowere used in the reanalysis. Sect®bshows results from the
ularly in the upper troposphere (Hansen et al., 1997). Thereanalysis and comparisons with independent observations,
majority of tropospheric ozone formation occurs when/NO and Sect4 presents the conclusions.
CO, and VOCs react in the atmosphere in the presence of
sunlight. In urban areas in the NH, high ozone levels usu-
ally occur during spring and summer. About 90 % of the total 2 Description of the MACC chemical data assimilation
ozone amount resides in the stratosphere, a result of oxygen system
photolysis (Chapman, 1930) and other catalytic cycles (e.g.
review in Solomon, 1999). This ozone layer absorbs a large2.1 Model system
part of the sun’s harmful UV radiation. Anthropogenic chlo-
rofluorocarbons led to a global decrease of the ozone totalThe MACC data assimilation system for chemically reac-
column, but thanks to the Montreal Protocol the ozone layertive gases was constructed by extending ECMWF's IFS to
is expected to recover in the next decades (Newman et alinclude fields for @, CO, NQ, and HCHO. Source and
2009; WMO, 2011; Zerefos et al., 2012). Over Antarctica sink terms for these gases are supplied by a CTM that is
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4076 A. Inness et al.: The MACC reanalysis

coupled to the IFS using the OASIS4 coupler (Valcke andsimple chemical scheme is only suited for the description of
Redler, 2006). The CTM holds a detailed representation ofstratospheric ozone, while the MOZART-3 CTM represents
the atmospheric chemical system together with its sourceshe whole tropospheric and stratospheric chemistry.

and sinks. For the MACC reanalysis the MOZART-3 CTM

(115 species) which features a comprehensive description 2.2 Data assimilation

stratospheric and tropospheric chemical processes was cou-

pled to the IFS. A description of the MOZART-3 CTM asim- ECMWF has used an incremental formulation of 4-
plemented in the MACC system can be found in Stein (200gdimensional varlatlpnaI. d_at:_;l aSS|m|Iat|on since 1997. In 4D-
and 2012). In the coupled setup the IFS and the CTM runVvar a cost function is minimized to combine the model back-
in parallel, exchanging fields through the OASIS4 Cc,up|erground and the observations to obtain the best possible fore-
every hour (Flemming et al., 2009). This means the IFS sup£ast by adjusting the initial conditions. In its incremental for-
plies the meteorological data and updated mixing ratios formulation (Courtier et al., 1994), 4D-Var can be written as
the MACC GRG species £) CO, NQ, and HCHO to the 1 1

CTM, and the CTM provides IFS with initial conditions for J(sx) = Z6x"B~1sx + =(Héx —d)"R™1(Héx —d), (1)

the four GRG species and with chemical tendency fields ev- 2 2

ery hour. These are tendencies due to chemistry, wet depQyheresyx is the incrementB the background error covari-
sition and atmospheric emissions, and tendencies due to SUnce matrixR the observation error covariance matrix (com-
face fluxes (emission, dry deposition). The tendencies for thgyrising of observational and representativeness errors), and
individual species are combined before the exchange and ong 3 |inear approximation of the observation operatbs
total tendency per species is given from the CTM to the IFS.y — Hx, is the innovation vectory the observation vector
The time step is 1800s for the IFS and 900s for the CTM. andx; the background.

The IFS is a spectral model and the global fields of the The GRG species are integrated into the ECMWF varia-
MACC reanalysis are archived at T255 spectral truncation tional analysis as additional model variables. They are mini-
corresponding to a reduced Gaussian grid (Hortal and Simmjzed together with the other ECMWF fields, which means
mons, 1991) of about 80 km horizontal resolution. The Ver-they can, in principle, influence the analysis of wind and
tical coordinate system is given by 60 hybrid sigma-pressureyther meteorological variables in 4D-Var. However, given the
levels, with a model top at 0.1hPa. In order to avoid dif- yncertainty of the GRG observations and the lack of obser-
ficulties in the vertical interpolation by the OASIS4 cou- yational constraints of variables such as wind or temperature
pler, the CTMs use the same 60 vertical levels. The cousp the stratosphere and mesosphere, a possible influence of
pler only has to perform horizontal interpolations for which the GRG observations on the meteorological fields was sup-
the bi-linear mode is applied. The MOZART-3 resolution is pressed in the reanalysis. Nevertheless, this might be a worth-

1125 x 1.123, lower than the IFS resolution, because of \yhile interaction to study in the future (Semane et al., 2009).
the high computational cost of the CTM that would make

a multi-year run unfeasible at higher resolution. The IFS is2.2.1 Observation operators for reactive gases
run on a higher horizontal resolution than the CTM as this
improves the quality of the meteorological forecasts and be-Observation operators are needed to calculate the model
cause a lower resolution would limit the acceptance of highequivalent of the assimilated observations, i.e. of the satel-
resolution observations within the data assimilation. Morelite retrievals of atmospheric composition. The observations
details of the CTMs and the coupling setup are given inused in the IFS are total or partial column data, i.e. integrated
Flemming et al. (2009). A modification of MOZART-3 as layers bounded by a top and a bottom pressure. The model’s
described in Kinnison et al. (2007) was used in the MACC background column value is calculated as a simple vertical
reanalysis from 2003—-2008 (version 3.1). From 1 Januanyjintegral between the top and the bottom pressure given by
2009 onwards, MOZART version 3.5 was used in the MACC the partial or total column, at the time and location of the
reanalysis, and this implementation is described in Steinobservation.
et al. (2012). The updated version has a better representa- It is also possible to use averaging kernel information
tion of ozone depletion inside the Antarctic vortex (Flem- in the observation operator. This removes the impact of
ming et al., 2011b). the retrieval a priori profile in the assimilation (Eskes and
Ozone has been included in the IFS as an additional moddBoersma, 2003). Equation (2) shows how the retrieved quan-
variable, and ozone data have been assimilated at ECMWEHity x; can be described as a linear combination of the a priori
since 1999 (BIm et al., 1999; Dethof and &im, 2004).  profilex, and the true profile; by using the averaging kernel
However, the ECMWEF approach differs from the MACC ap- matrix A (Deeter et al., 2009). The averaging kernels come
proach because it uses a built-in chemistry routine with a paabout due to the optimal estimation approach to retrieving
rameterization of photochemical sources and sinks based odata from the satellite measurements and indicate the sensi-
Cariolle and Teyssdre (2007), instead of a coupled CTM tivity of the retrieved profile to the true profile, with the re-
to provide the chemical tendencies. Moreover, this relativelymainder of the information coming from the a priori profile
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(Rodgers, 2000; Emmons et al., 2004, 2007). Where the aversolar zenith angle: to account for the diurnal cycle of the
aging kernel matrix elements are small, the retrieved profileper-oxy-radical concentration. This improved the match of
shows little sensitivity to changes in the true profile and thethe NQ, / NOy ratios from the operator and the MOZART-3
retrieved quantity is largely determined by the a priori. fields (Flemming et al., 2011a).
¥ ¥ xat Al —xa) @) 222 Observation errors for the reactive gases
Equation (2) can be used in the observation operator to trans-
form the model field to have the same vertical resolution andThe observation error and background error covariance ma-
a priori dependence as the satellite retrievals. Thus, the differtrices determine the relative weight given to the observation
ence between the retrieved quantityand its model equiva- and the background in the analysis (see Eqg. (1)). For the re-
lentx, can be given as active gases, observation errors given by the data providers
were used. If these values were below 5 %, a minimum value
of 5% was taken. The observation error was assumed to in-
This means that the model field and the retrieved quantityclude any observation operator error and a representativeness
can be compared in a way that is not affected by the a priorierror that could arise because of differences in resolution of
profile dependence or by different vertical resolutions. Aver-observation and the model, and that accounts for scales un-
aging kernels were used in the MACC reanalysis if they wereresolved by the model. The satellite data were thinned in the
provided by the data producers (more details will be given indata pre-processing to ensure a minimum distance between
Sect.2.3). two observations from the same platform. This was done to
A special observation operator is used for the assimila-reduce the data volume and helped to avoid redundant obser-
tion of NO, data. The fast diurnal N&-NO interconversion  vations that did not contain any independent information. It
caused by solar radiation can not be handled by the coupleélso avoided the introduction of spatial observation error cor-
model with an exchange frequency for the chemical tenden¥elation that was not accounted for in the data assimilation
cies of one hour, and the absence of a full chemistry modulealgorithm. In the MACC reanalysis, the reactive gas satellite
in the IFS prevents direct assimilation of short-lived chemicalretrievals were thinned to a horizontal resolution o6d1°
species. Therefore, NOs used as the IFS model variable in- by randomly selecting an observation in the grid box.
stead of NQ. Its longer photochemical lifetime allows both ~ Variational quality control (Andersson andr¥inen, 1999)
a better simulation by the coupled forward model and a cor-and background quality checks were applied to the reactive
rect assimilation in the adjoint model. The use of Néso gas observations. In the background quality check, the square
reduces spatial variability everywhere, which is of advantageof the normalized background departure was considered as
for the data assimilation. Since the satellite observations assuspect when it exceeded its expected variance by more than
similated in the MACC system are NQlata, a diagnostic a predefined multiple, i.e. 5 for most variables. In this case
NO,/ NOy interconversion operator was developed, includ- the observation was not used in the analysis.
ing its tangent linear and adjoint. This operator is based on
a simple photochemical equilibrium between the Ného-  2.2.3 Background errors for the reactive gases

tolysis rate {NO,) and the ozone mixing ratio:
In the ECMWF data assimilation system, the background
[NO2] k[Og3 efi] : e : :

A . (4) error covariance matrix is given in a wavelet formulation
INOx] JNO2 +k[Oseefi] (Fisher, 2004, 2006). This allows both spatial and spectral
Here, k is the rate coefficient of the reactions@® NO —  variations of the horizontal and vertical background error co-
NO, + O, and depends on temperature, whil&lO, de- variances. The background error standard deviations deter-
pends on surface albedo, solar flux, solar zenith anglemine the relative weight of the background in the analysis,
overhead ozone column, cloud optical properties and temwhile the correlations determine how the analysis increments
perature. A parameterized approach for the calculation ofare spread in the horizontal and in the vertical. This is partic-
JNO, was used based on the band scheme by Landgraf andlarly important for vertically integrated observations, such
Crutzen (1998) in combination with actinic fluxes parame- as total column trace gas retrievals. In this case the vertical
terized following Krol and Van Weele (1997). In the strato- structure of the increments is determined by the vertical cor-
sphere Qeff is equal to @, but in the troposphere it is equal relations of the background errors since the observations do
to not give information about this distribution.

_ The background error correlations used in the operational
[O3]=[Os] + [XO2] cosw ®) ECMWF data assimilation system were derived from an en-
to account for the influence of per-oxy-radicals (X© semble of forecast differences, using a method proposed
HO, + ROy). In an ad hoc approach, a per-oxy-radical con- by Fisher and Andersson (2001). This ensemble consisted
centration of 80 ppt in the troposphere was assumed (Kleinof ten members, all run for one month. For the MACC
man et al., 1995), which was scaled by the cosine of theozone field, the same background error statistics used in

Xr—Xm=A(xt—xm). €))
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Table 1. Satellite retrievals of reactive gases that were actively assimilated in the MACC reanalysis. PROF denotes profile data, TC total
columns, TRC tropospheric columns, PC partial columns, and SOE solar elevation. PC SBUV/2 data consist of 6 layers between the surface
and 0.1 hPa. NRT (near-real-time) data are available within a few hours after the observation was made, and are being used in operationa
forecast systems. For periods towards the end of the MACC reanalysis period, NRT data were used for some of the species when no offline
products were available.

Sensor Satellite Provider Version  Period Type Data usage Reference
criteria
GOME ERS-2 RAL 20030101-20030531 3®ROF  Used if SOE 15° and Siddans et al. (2007)
80° S<lat<80° N
MIPAS ENVISAT ESA 20030127-20040326 3®ROF  All data used Carli et al. (2004)
MLS AURA NASA V02 20040808-20090315, O3 PROF  All data used Waters et al. (2006)
NRT data from
20090316
OMI AURA NASA V003 From 20041001, O3TC Used if SOBE> 10° Bhartia and Welle-
NRT data meyer (2002);
20070321-20071231 Levelt et al. (2006)
SBUV/2 NOAA-16  NOAA V8 From 20040101 OPC Used if SOE 6° Bhartia et al. (1996)
SBUV/2 NOAA-17  NOAA V8 From 20030101 OPC Used if SOE 6° Bhartia et al. (1996)
SBUV/2 NOAA-18 NOAA V8 From 20050604 oPC Used if SOE- 6° Bhartia et al. (1996)
SCIAMACHY ENVISAT KNMI From 20030101 QTC Used if SOE> 6° Eskes et al. (2005)
1ASI METOP-A LATMOS/ULB From 20080401 COTC Usedif 7@ <lat<70° N  George et al. (2009);
Clerbaux et al. (2009)
MOPITT TERRA NCAR V4 From 20030101, NRT COTC Usedif68S< lat<65° N Deeter et al. (2010)
data after 20100323
SCIAMACHY ENVISAT  KNMI V1.04 20030101-20070630 NOTRC  Used if SOE- 6° and Boersma et al. (2004)
60° S<lat<60° N
SCIAMACHY ENVISAT  KNMI V11 From 20070911 N@ TRC Used if SOE- 6° and http://www.temis.nl
60° S<lat<60° N Wang et al. (2008)

ECMWEF's operational ozone assimilation were used. A dif- variables. Examples of the GRG background error standard
ferent method had to be chosen to determine background edeviation profiles and correlations used in the MACC reanal-
ror statistics for the other GRG fields because they had noysis can be found in Inness et al. (2009).

been included in the ensemble of forecast runs. The National

Meteorological Center (NMC) method (Parrish and Derber,2. 3 Satellite data

1992) was used to derive initial background error statistics

for the reactive gases. For this, 150 days of 2-day forecasts 3.1 satellite data used in the reanalysis

were run with the coupled system initialized from fields pro-

duced by the free-running MOZART-3 CTM, and the differ- 1516 1 jists the data sets that are actively assimilated in the

ences between 24-h and 48-h forecasts valid at the same img ¢ reanalysis to constrain the reactive gases. These con-
were used as a proxy for the background errors. These difz;; profile (PROF), total column (TC), partial column (PC)
ferences were then used to construct a wavelet backgroung,q yronospheric column (TRC) data. The usage criteria for
error covariance matrix according to the method describedyg yata sets are also given in the table. In addition to the
by Fisher (2004, 2006). This background error covariancgigieq criteria, data were not used if quality flags given by the

matrix contains the statistics for the reactive gases as wellj;;5 producers mark the data as bad quality. HCHO data were
as the original statistics for the other meteorological fields.,4: assimilated in the MACC reanalysis because the data

Background errors determined with the NMC method usu-qajity of individual satellite retrievals was not sufficient, but
ally have longer h.or|zontal and_ vertical correlations than analysis fields are available. Monthly mean HCHO observa-
those calculated with the analysis ensemble method (Fisheg, o generally have a total error of 20-40%, but individ-
and Anderssor_L .2091)' ) ual observations can have large errors (greater than 50 % for
For f[he a55|m|lat|9n_ of NQdata, it was found that the jqjviqual pixels of the SCanning Imaging Absorption spec-
analysis based on mixing ratio was prone to large extrapolagqjeter for Atmospheric CHartographY (SCIAMACHY) or
tion errors, due to the large range of N@ixing ratios which  5,5ba1 0zone Monitoring Experiment (GOME) instruments:
make it difficult to model the background error covariances. 5o gmedt et al. 2008), which did not favour assimilating
Therefore, a logarithmic control variable was developed forj,qjiqual observations. Hence, the HCHO reanalysis fields

NOx. o . were entirely determined by the MOZART-3 chemistry, the
The GRG background errors are univariate in order to m'”'MACCity and biomass burning emissions (see S2@be-
imize the feedback effects of the GRG fields on the other|ow) and the atmospheric transport.
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Fig. 1. Left panel: mean averaging kernels for MOPITT (solid) and IASI (dashed) daytime total column CO retrievals for July 2009 averaged
over a B x 25° box over Europe (46-5IN, 3-28 E). Right panel: global mean averaging kernels for tropospheric colums fiiin
SCIAMACHY averaged over the period June 2009 to May 2010.

Averaging kernels were used in the observation operatorgases in the variational scheme are estimated during the anal-
if they were provided by the data producers. This was theysis by including bias parameters in the control vector. The
case for CO data from the Measurements of Pollution in Thebias corrections are continuously adjusted to optimize the
Troposphere (MOPITT) instrument and from the Infrared consistency with all information used in the analysis. Extend-
Atmospheric Sounding Interferometer (IASI) and N@ata  ing VarBC to atmospheric composition data has the advan-
from SCIAMACHY. Figure 1 shows averaging kernels from tage that it can be easily applied to a variety of sensors and
MOPITT CO and IASI CO daytime total column retrievals species.
averaged over a°5x 25° box over Europe in July 2009, and For the reactive gases in the MACC reanalysis, a start from
global mean averaging kernels for SCIAMACHY M@ver-  zero bias was used at the beginning of the experiment. The
aged over the period June 2009 to May 2010. MOPITT andreanalysis was started on 1 December 2002, so that a month-
IASI have the main sensitivity to CO in the mid-troposphere, long spin-up of the bias correction and the fields was possi-
i.e. between 300-700 hPa. SCIAMACHY has broad averag-ble. For the assimilation of ozone retrievals, solar elevation
ing kernels for NQ, indicating some sensitivity to all tro- and a global constant were used as bias predictors, and data
pospheric levels. The global mean profile peaks at 300 hPdrom Solar Backscatter Ultraviolet (SBUV/2) instruments
Even though the main sensitivity is to N@bove 700hPa, (from various National Oceanic and Atmospheric Adminis-
as the vertical profile of N@in polluted regions is domi- tration (NOAA) platforms) and Microwave Limb Sounder
nated by the lowest layers, the retrieved column (which is(MLS) ozone profiles from 1 January 2008 onwards were
the product of NQ profile times averaging kernel) is mainly used as anchors for the bias correction, i.e. no bias correction
determined by N@in the boundary layer, at least for cloud was applied to these data. Using anchors for the bias cor-
free situations. The sensitivity at higher altitudes is larger,rection should help to avoid drifts in the system. The reason
but as a result of the low Nfconcentrations usually found for choosing SBUV/2 data as anchor was that the data were
there, this has only a small effect on the N€olumns re-  available for the whole reanalysis period, they had been re-
trieved from satellite data. processed and intercalibrated and should hence make a good

anchor for the other ozone data sets. While experience at
2.3.2 Bias correction and quality control for the reactive =~ ECMWF had shown this to work well when total column

gas satellite data ozone data were assimilated, it was found in the MACC re-

analysis that SBUV/2 ozone data (whose lowest layer is be-
Retrievals of the same parameter from different satellite in-tween 16 hPa and the surface) could not stop the bias cor-
struments can have biases with respect to each other or to thection drifting for individual MLS layers that have a finer
model. Assimilating biased data violates one of the under-ertical resolution. This drift did not affect the total ozone
lying assumptions of data assimilation, namely that the dataolumn much, but it became noticeable in the troposphere
should be unbiased, and therefore a bias correction schemgnd above 15hPa after a few years (see Sketbelow).
has to be applied to the data. Without this, the assimila-Once the cause of the apparent ozone trend had been iden-
tion would either have to be limited to one retrieval prod- tified, it was decided to stop bias correcting MLS data, and
uct for a reactive gas, or data would be used that are inconfrom 1 January 2008 onwards, both MLS and SBUV/2 data
sistent with each other or with the reactive gas forecast. Inyere used as anchors, i.e. assimilated without bias correction.
the MACC reanalysis, the variational bias correction schemeror the assimilation of CO retrievals, a globally constant pre-
(VarBC) developed at ECMWF for radiance data (Dee, 2004;dictor was used for IASI data while MOPITT CO retrievals
McNally et al., 2006; Aulige et al., 2007; Dee and Uppala, were used as an anchor. The latter was used as the anchor
2009) was extended to data of atmospheric composition. Bi-
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simply because these data were available from the beginningvailable from 2003 onwards, but were not available when
of the reanalysis, not because their data quality was assumetie reanalysis was started. The global average carbon com-
to be better than that of the IASI data. No bias correctionbustion rate is 8 % larger than in GFEDv3.1 and thus about
was applied to N@ data, because retrievals from only one 18 % larger than during the first 5 yr of the reanalysis. (Due to

instrument (SCIAMACHY) were assimilated. slightly modified emission factors and burning patterns, the
carbon monoxide emissions are only about 6 % larger than
2.4 Emissions in GFEDv3.1, though.) Overall, the GFAS version 1.0 emis-

sions are approximately 20 % larger than the data used prior

For the MACC reanalysis an updated data set of anthroto 2009.
pogenic emissions (MACCity) was produced (Granier et al., The emission factors for GFEDv3.0 are calculated using
2011a). The emissions are injected into the surface layer iran update of the fire-type-dependent emission factors com-
the CTM, which is about 10 m thick, and quickly distributed piled by Andreae and Merlet (2001) and the actual values
throughout the boundary layer by model processes such aare listed in van der Werf et al. (2010). An analogous depen-
convection and vertical diffusion. The anthropogenic emis-dency on Andreae and Merlet (2001) holds for GFAS. Its ac-
sions for MACCity were developed as an extension of thetual emission factors are listed in Kaiser et. al. (2012). In both
historical Atmospheric Chemistry and Climate Model Inter- cases the most significant update is the inclusion of emission
comparison Project (ACCMIP) emissions data set (Lamar-factors for peat burning based on Christian et al. (2003). The
que et al., 2010) developed for the Intergovernmental PanelNOy emission factor is expressed as the equivalent amount of
on Climate Change Fifth Assessment Report. The ACCMIPNO. For savannah fires, its value has been revised downwards
data set provides decadal emissions up to the year 2000rom 3.9 g(NO)/kg(dry matter) to 2.1 g(NO)/kg(dry matter).
The 2000-2011 MACCIity emissions were obtained by us-The NQ,/CO emission ratios calculated for the different fire
ing the 2005 and 2010 emissions from the future scenariogypes from the emission factors used in GFEDv3.0 and GFAS
called Representative Concentration Pathways (RCPs; Mossinge from 0.005 for peat fires in GFAS to 0.035 for savan-
et al., 2010). For the MACCity emissions, scenario RCP 8.5nah fires in both GFAS and GFED3.
was chosen, since it includes information on regional emis- Biogenic emissions in the MOZART-3 CTM came
sions after 2000 (Van Vuuren et al., 2010; Riahi et al., 2011);from a recent update (Barkley, 2010) of the Model
a linear interpolation was then applied to obtain the yearlyof Emissions of Gases and Aerosols from Nature ver-
MACCIity emissions. Ship emissions are based on Eyringsion 2 (MEGANZ2; Guenther et al., 2008{tp://acd.ucar.
et al. (2010), and a source-specific seasonality developed faedu/~guenther/MEGAN/MEGAN.hth and were used in
the REanalysis of the TROpospheric chemical compositionMOZART-3 as monthly surface flux fields without interan-
(RETRO) project littp://retro.enes.orpivas applied to the nual variation. These data were for 2003 and have no in-
emissions. Monthly average emissions were derived usinderannual variability. The biogenic sources are in particular
the seasonal patterns developed within the RETRO project. sensitive to temperature, and there might be inconsistencies

Biomass burning emission for the MACC reanalysis for between those of the MACC model and of the Goddard Earth
the years 2003-2008 were generated from a preliminary verObserving System used to generate the biogenic emissions.
sion (v3.0) of the Global Fire Emissions Database (GFED,However, this effect is expected to be small. MOZART-3 also
van der Werf et al., 2010) and fire radiative power (FRP)included several other natural emissions like,Nfdm soils
observations by the Moderate Resolution Imaging Spectroraand oceanic emissions from various sources, including the
diometer (MODIS) satellite instruments (Justice et al., 2002).Present and future surface emissions of atmospheric com-
The Global Fire Assimilation System (GFAS) of MACC pounds (POET) inventory (Granier et al., 2005, available
was used to create daily gridded FRP maps, with which thdrom the Emissions of Atmospheric Compounds and Com-
monthly GFED emissions were redistributed amongst thepilation of Ancillary Data (ECCAD) databashitp://eccad.
days of each month (Kaiser et al., 2011). Thus, the monthlysedoo.fr), and accounted for in situ production of N®y
budgets of GFEDv3.0 were maintained. In Central and SoutHightning.
America, the carbon combustion rate is about 8% larger in After the MACC reanalysis had been started, it became
GFEDv3.0 than in the final, published GFEDv3.1 data set. Inapparent that using the MACCity emissions led to an under-
all other regions, it is smaller. The global average is smallerestimation of CO concentrations in the Northern Hemisphere
by 9%. The carbon combustion rate in GFEDv3.1 is in turn compared to independent observations (Granier et al., 2011b;
smaller than in GFEDv2 (van der Werf et al., 2006) in all see also SecB.1 below). This could be due to an underes-
regions but boreal North America, Australia and the Middle timation of surface emissions, to an underestimation of the
East; the global average is reduced by 13 %. chemical production of CO from the oxidation of VOCs, or

For the years 2009 and 2010, daily biomass burning emisto some missing reaction in the CTM. It should be noted
sions from MACC'’s GFAS, version 1.0 (Kaiser et al., 2012), that low CO values are found by most of the CTMs re-
were used. These are based on MODIS FRP observationgardless of the emission inventory used (e.g. Shindell et al.,
have a horizontal resolution of®x 0.5 degrees and are now 2006; Kopacz et al., 2010; Fortems-Cheiney et al., 2011), and
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Fig. 2. Time series of zonal mean total column CO field ifdmoleculescm? for the period 2003 to 2010 from the MACC reanalysis (top
left), the control run (top right), MOPITT (bottom left) and IASI (bottom right). The MOPITT time series shows the change to NRT data in
2010, for which no data are available polewards d¢f.6%d indicates higher values of the field, blue lower values.

that the MACCity anthropogenic emissions are in the samederived from interpolation of archived 6-hourly output from
range as the emissions provided by the few other emissiothe MACC reanalysis, and not through hourly exchange as in
inventories available for the post-2000 period (Granier et al. the reanalysis, the stand-alone run was not a completely clean
2011a). MACCity CO emissions are much higher than thecontrol run. However, these differences would be small.
most recent inventory developed for 2005, i.e. EDGAR-v4.

In the MACC project offline simulations with the MOZART-

3 CTM were conducted to test the model sensitivity to dif- 3 Results

ferent emission inventories. It was found that the model re- ) ] )

sults improved when increasing anthropogenic CO and VOCT Nis section presents fields from the MACC reanalysis and
emissions or when changing the wet deposition in the CTM.compares them with qbservatlons. It_prowdes a basp f|r§t as-
Further studies are being carried out to establish exactly why€ssment of the quality of the reactive gas reanalysis fields,
the MACCity emissions and other emission inventories leag@nd it highlights problems in the reanalysis that users should

to low CO values in the coupled IFS-MOZART system. be aware of. Shown are time series and seasonal climatolo-
gies of the MACC analysis fields, as well as comparisons

with independent observations where possible. Also shown
are some results from the control run to highlight the impact
of assimilating atmospheric composition data on the reanaly-
Itwould have been computationally too expensive to producesis fields. First, CO, @and NG analysis fields are assessed
acontrol analysis experiment that was identical to the MACCsq which observations were assimilated in the MACC re-
reanalysis, but did not actively assimilate observations of renglysis (see Table 1). Subsequently, results are presented for

active gases. Instead, a MOZART-3 stand-alone run was camrcHO fields where no observations were assimilated in the
ried out that applied the same settings (model code, resoluyacc reanalysis.

tion, emissions) as MOZART in the MACC reanalysis. The

meteorological data for the stand-alone run were taken frong.1  CO analysis

the reanalysis, but the control run had free-running chem-

istry. The results from this control run can be used to detectMOPITT version 4 CO retrievals were assimilated in the
the impact of the assimilation of GRG observations in the MACC reanalysis (see Table 1) from 2003 to 2010. IASI CO
MACC reanalysis. Since the meteorological input data wereretrievals were assimilated from April 2008 onwards. Both

2.5 Control run
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Mean CO column DJF 2003-2010 Mean CO column MAM 2003-2010

Fig. 3. Seasonal mean CO total columns from the MACC reanalysisjiﬁmOIecules cm? for DJF (top left), MAM (top right), JJA (bottom
left) and SON (bottom right), averaged over the years 2003 to 2010. Red indicates higher values of the field, blue lower values.

instruments measure in the thermal infrared part of the specKaiser et al., 2012). The lower values seen in the reanalysis
trum and provide data during day and night. In the MACC in the NH from 2008 onwards are the result of assimilating
reanalysis both day- and night-time data were assimilatedlASI data in addition to MOPITT data.
Because averaging kernels were used in the observation op- The reanalysis agrees well with the assimilated MOPITT
erators, differences in sensitivity to CO in the lower tro- and IASI data. However, the control run with the free-
posphere between day- and night-time observations (Deeteunning MOZART-3 CTM underestimates CO concentra-
et al., 2003) were accounted for in the analysis. tions. It starts from realistic initial conditions, but drifts to-
Figure 2 shows time series of zonal mean total columnwards lower CO concentrations within the first 6 months,
CO data from the MACC reanalysis, the control run, MO- though the seasonal cycle is well represented. The low bias
PITT and IASI data for the period 2003-2010. The CO field of the control points to either a problem with the MACCity
shows a pronounced seasonal cycle in both hemispheres, asnissions or a short coming in the MOZART CTM, and is
well as differences between the hemispheres. Larger anthrdseing investigated in other studies.
pogenic emissions in the NH lead to larger CO values com- Figure 3 shows the reanalysis seasonal mean CO columns
pared to the SH. The NH emissions peak in late winter/earlyfor the years 2003—2010. The figure again highlights the in-
spring because of increased fossil fuel burning for heatingterhemispheric differences, with CO values generally larger
and increased power requirements (Edwards et al., 2004)n the NH than in the SH, except in the biomass burn-
This together with the seasonal cycle of OH which accountsing regions in the tropics. This reflects the greater anthro-
for 90% of CO loss (Thompson, 1992) leads to maximumpogenic emissions in the NH (e.g. Fortems-Cheiney, 2011).
CO values in the NH in March and April. In the SH, the The largest values are found over south east Asia in Decem-
seasonal cycle is determined by a large contribution fromber, January and February (DJF) and March, April and May
biomass burning and some contribution from the oxidation(MAM), and there is transport of CO rich air from south east
of biogenic VOCs that lead to high CO values between theAsia out into the Pacific. Values in the NH have a minimum
equator and 40S, with maximum values during September in June, July and August (JJA) and are still low in September,
and October, the months of peak fire activity in the SH (Tor- October and November (SON).
res et al., 2010; Kaiser et al., 2012). The interannual variabil- CO from biomass burning in the tropics shows a differ-
ity is dominated by changing emissions from biomass burn-ent seasonality. In Africa, maximum CO columns are seen
ing in both hemispheres (Kaiser et al., 2012) which is largelynorth of the equator in DJF, when biomass burning takes
related to precipitation rates (Torres et al., 2010). In the SHplace in the Sahel region and equatorial West Africa during
CO maxima are lower in 2003, 2008 and 2009 compared tahe local dry season. In MAM the fire signal over Africa is
other years. In October 2006 a CO maximum is visible justmuch weaker, and by JJA the affected area moves south of
south of the equator. This is a result of the 2006 wildfiresthe equator. In SON the signal is weaker than in JJA but ex-
in Indonesia, which led to the highest CO emissions overtends further to the south and east. This agrees well with stud-
Indonesia in over a decade (Fortems-Cheiney et al., 2011lies by Torres et al. (2010), who found that biomass burning
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Fig. 4. Seasonal mean zonal average CO altitude cross sections from the MACC reanalysis in ppbv for DJF (top left), MAM (top right), JJA
(bottom left) and SON (bottom right), averaged over the years 2003 to 2010. Red indicates higher values of the field, blue lower values.

in Central Africa normally starts in June at abouf 8)and  between 0-20in JJA and SON, and again there is evidence
then moves southwards. It generally peaks in August, but thef large-scale transport lifting CO into the free troposphere.
season extends to November. In all seasons, there is indica- To validate CO from the reanalysis, fields are compared
tion of CO rich air being transported from Africa downwind with independent observations, i.e. data that were not used
into the Atlantic. Convective activity over Africa (and also in the assimilation. Figure 5 shows a comparison of CO con-
over South America) transports the smoke into the free tro-centrations from the reanalysis with NOAA Global Moni-
posphere from where it is then transported by the prevailingtoring Division (NOAA/GMD) ground-based measurements
winds (e.g. Jongeires et al., 1998; Mari et al., 2008; Real (Novelliand Masarie, 2010) over Mace-Head, Tenerife, Key
etal., 2010). Biscayne and South Pole stations. The uncertainty of the
In South America the strongest biomass burning signaNOAA/GMD CO observations is around 1-3 ppmv (Nov-
is seen in SON. Deforestation fires and agricultural fireselli et al., 2003). The results show that the magnitude and
occur south of 10S during August—October with a peak seasonal variability of surface CO is generally well captured
in September. In Indonesia and north-west Australia, theby the reanalysis over most stations and improved compared
strongest biomass burning signal is also seen in SON, but th#o the control run, apart from at the South Pole from 2003—
climatological biomass burning signal here is weaker than2007. This indicates that, despite low sensitivity of satellite
over Africa and South America. The large values over In- measurements near the surface, assimilation of CO data from
donesia in SON come from the strong fires in 2006 (see alsguch products can lead to a good representation of surface
Fig. 2). CO concentrations. Assimilation of satellite measurements
The vertical structure of the MACC CO field in the tro- can therefore overcome to some extent the underestimation
posphere can be seen in the seasonal mean cross sectianfssurface CO concentrations in the Northern Hemisphere
in Fig. 4. In the NH the highest values are found in DJF seen in most global models (Holloway et al., 2000; Shin-
and MAM when anthropogenic emissions are largest and thelell et al., 2006; Isaksen et al., 2009), which could be re-
photochemical lifetime of CO is longest. There is some indi- lated to uncertainties in surface emissions as mentioned in
cation of large-scale convective transport lifting CO into the Sect. 2.4. The reanalysis agrees better with the observations
upper troposphere in the tropics. Deep convection is knowrover the South Pole station after April 2008, i.e. after the
to carry biomass burning products into the upper tropospherassimilation of IASI CO data was introduced. On the other
(Pickering et al., 1996; Thompson et al., 1996; Kar et al.,hand, over some stations at high northern latitudes (at the
2004). In the SH, high CO from biomass burning can be seerstations Alert and Barrow, not shown), the reanalysis tends
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Fig. 5. Time series (2003—-2010) of monthly mean CO concentrations (ppbv) from the MACC reanalysis (red), the control run (blue), and
from NOAA/GMD ground-based measurements (black) over Mace-Head (top left), Key Biscayne (top right), Tenerife (bottom left), and
South Pole (bottom right) stations.

to underestimate CO during the same period. These lowerr. 10
values after April 2008 can also be seen in Fig. 2. ; 5
Next, CO from the reanalysis is compared with data from |: 0
the MOZAIC (Measurement of Ozone, Water Vapour, Car- | :;50
bon Monoxide and Nitrogen Oxides by Airbus In-service | 15
Aircraft) programme (Marenco et al., 1998; Nedelec et al., |: -20
2003). This programme provides profiles of various parame- -25
ters, including CO and ©taken during aircraft ascents and | : : : : : : i : :g(s)
descents at various airports. MOZAIC data were available |: : : : : : : : | ™ 40

from January 2003 until December 2010, with limited data '
availability in 2010. MOZAIC CO data have an accuracy of

+5 parts per billion volume (ppbv), a precision #f5%,  Fig. 6. Vertically (3001000 hPa) averaged CO bias in % of MACC
and a detection limit of 10 ppbv (Nedelec et al., 2003). reanalysis minus MOZAIC ascent/descent data averaged over the
Figure 6 shows the time mean vertically averaged relativeperiod January 2003 to December 2010. The diameter of the circles
CO bias between 300 and 1000 hPa from the MACC reanalyindicates the number of profiles over the respective airports. Red
sis. The reanalysis has a negative bias in the troposphere withdicates higher values of the field, blue lower values.
the exception of a few airports. The averaged biases are usu-
ally less than 15 %, but larger at some tropical airports. The
control run has a bias that is more than twice as large (nothe reanalysis compared to the control run without data as-
shown). similation. This was also seen by Elguindi et al. (2010). The
Figure 7 shows time mean profiles from the reanalysisassimilated satellite data have only limited sensitivity to CO
(red) and the MOZAIC data (black) averaged over NH ex- in the lower troposphere (see Fig. 1). Here the influence of
tratropical airports (solid lines) and tropical airports (dashedthe emissions is important and accurate emissions are cru-
lines). Also shown are the mean differences between the resial to reproducing the high CO values seen in the MOZAIC
analysis and MOZAIC data for both hemispheres. The high-data. The low bias of the MACC reanalysis suggests an un-
est CO concentrations are found near the surface and valugterestimation of CO or precursor emissions (Elguindi et al.,
get smaller in the free troposphere. The biases between 7002010) or a missing process in the CTM. The importance
300 hPa are less than5 % in the NH and around-10 % in of the emissions for correct CO values in the lower tropo-
the tropics, but larger in the lower troposphere. By assim-sphere in the MACC system was also found in a study of the
ilating CO satellite data, the biases are greatly reduced ir2010 Russian wildfires (Huijnen et al., 2012). Furthermore,
some of the bias in the lower troposphere is likely to be a

210 2100 ©1000 ©10000 () 100000
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Fig. 7. Left panel: mean CO profiles in ppbv from the MACC reanalysis (red) and MOZAIC data (black). The solid lines show the means for

NH airports (north of 30N), the dashed lines the means for tropical airport§ B0 N). Right panel: CO bias in % of MACC reanalysis

minus MOZAIC for NH airports (solid) and tropical airports (dashed). Data are averaged over the period January 2003 to December 2010.

_,_ - _ 1 100 3.2 Oz analysis
200 = ' l i 0
| 60 The ozone retrievals assimilated in the MACC reanalysis

300 1= 10 are listed in Table 1. MIPAS and MLS measure in the mid-
. | ! z" infrared and microwave part of the spectrum, respectively,
£ wl . and are the only ozone data used in the MACC reanalysis
ool " that are available independent of illumination condition, in-
J00 - _60 cluding during the polar night. Together with the GOME O
b I I i 80 profile retrievals, they are also the only assimilated ozone
1000 Em et T L RO G N sl R profile data with higher vertical resolution, which had been

2003 2004 2005 2006 2007 2008 2009 2010

shown in the past to be crucial for obtaining a realistic verti-
Fig. 8. Time series of monthly mean CO biases (MACC reanalysis cal 0zone distribution in MACC and ECMWF analyses (De-
minus MOZAIC) in % at Frankfurt Airport (500N, 8.6° E) for the thof, 2003; Flemming et al., 2011b). By assimilating GOME,
period January 2003 to December 2010. Red indicates higher valueMIPAS or MLS data with their vertically resolved informa-

of the field, blue lower values. tion in the stratosphere together with total column ozone data
of OMI and SCIAMACHY, tropospheric ozone can also be

. . .__constrained.
representativeness error, because the model with a horizon-

tal resolution of T255 (corresponding to a reduced Gaussiarg 2.1  Total column and stratospheric ozone
grid of about 80knx 80 km) is not able to reproduce the high
values observed by MOZAIC over polluted airports. Larger Figure 9 shows time series of zonal mean total column ozone
positive biases are seen in the NH above 300 hPa. from the MACC reanalysis, the control run, SCIAMACHY
Figure 8 shows a time series of monthly mean CO bias pro-and OMI data. The reanalysis shows a realistic seasonal cy-
files at Frankfurt Airport. Frankfurt is the most frequented cle in both hemispheres. In the NH extratropics, ozone val-
airport in the MOZAIC database and the most reliable in ues are highest during Boreal winter and spring. This is a re-
terms of data availability. A total of 7182 MOZAIC pro- sult of poleward and downward transport of ozone by the
files were available over Frankfurt between January 2003 andlrge-scale Brewer—Dobson circulation (Brewer, 1949; Dob-
December 2010. Concentrations are larger during the winteson, 1956; Weber et al., 2011). In the tropics, where there
months and larger concentrations extend higher up in the trois slow large-scale ascent and higher insolation, the ozone
posphere. The plot confirms that CO is underestimated in theolumns are lower. In the SH, the reanalysis shows the very
surface layer as seen in Fig. 7. This was also found for othetow values of the Antarctic ozone hole, and also the higher
MOZAIC urban sites affected by air pollution such as Bei- values seen in a belt around the Antarctic. The assimilation
jing, Tokyo and Cairo (not shown). Whilst the bias is gener- of MIPAS and MLS data gives information during the po-
ally less than 10 % in the free troposphere (850 hPa to the uplar night when the UV instruments GOME, SBUV/2, SCIA-
per troposphere), large positive biases are found in the uppa?lACHY and OMI can not observe the ozone field because
troposphere and lower stratosphere, with the largest valuethere is no backscattered solar radiation.
during winter and spring, possibly due to too much upward The time series of total column ozone from the control
transport of CO. run illustrates that the free-running model generally overes-
timates the ozone column. The control run has a positive to-
tal column bias compared to SCIAMACHY and OMI data
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Fig. 9. Time series of zonal mean total column €eld in Dobson units (DU) for the period 2003 to 2010 from the MACC reanalysis (top
left), the control run (top right), SCIAMACHY (bottom left) and OMI (bottom right). Red indicates higher values of the field, blue lower
values.

everywhere. This bias points to problems with the strato-negative biases suggest a slightly too slow response of the
spheric ozone distribution in the MOZART-3 CTM, which reanalysis to this increase, compared to the MSR. Biases in
dominates the ozone column. Similar results were found bythe tropics are very smallk{2 %). Only during a period of
Kinnison et al. (2007) when they used ECMWF meteorologi- ~ 1.5 yr, mainly covering 2008, was a slightly larger bias of
cal fields to drive the MOZART-3 model. Also, the Antarctic ~ 3% found. Over the extratropical Southern Hemisphere,
ozone hole is not deep enough in the control run, a knowrthe biases are less than 5% during 2003—-2004, and below
problem of MOZART-3 in the MACC configuration (Flem- 3% during later years when MLS and OMI data were assimi-
ming et al., 2011b). lated. The seasonal oscillations seen in the NH and SH are the
Figure 10 shows the mean relative bias between thaesult of a seasonally varying model bias in the MOZART-3
MACC reanalysis and KNMI's multi-sensor reanalysis CTM and the fact that MLS and MIPAS data are assimilated
(MSR, van der A et al., 2010) for the years 2003—-2008,in the reanalysis and give information about ozone in the po-
which is based on SBUV/2, GOME, TOMS, SCIAMACHY lar night that is not included in the MSR.
and OMI observations, and the SCIAMACHY data (Eskes Seasonal mean climatologies of total column ozone from
et al., 2003) for the years 2003—-2010, in order to evaluate théhe reanalysis for the years 2003—-2010 are shown in Fig. 11.
data after 2008. Bias correction of satellite retrievals in theThe figure shows the largest ozone columns over the NH ex-
MSR was done using Brewer and Dobson Spectrophotometratropics in DJF and MAM, and the lowest values in SON,
ters. There is good agreement between the data sets at varioas already seen in Fig. 9. In the tropics the lowest values
latitude bands, showing a clear improvement in total columnsare seen in DJF, when the Brewer—Dobson circulation is
compared to the control run. Biases of the MACC reanalysisstrongest. In the SH, the Antarctic ozone hole is visible in
with respect to the MSR and the SCIAMACHY assimilation SON, with seasonal mean total column values lower than
system are generally of similar magnitude, which constrains200 DU. Ozone columns in the circum-Antarctic belt are at
the evaluation for 2009-2010, for which no MSR data is their highest in SON, when large-scale descent brings down
available. Zonal-average, monthly mean biases of the reanabzone rich air.
ysis compared to the MSR over the extratropical Northern The vertical structure of the MACC ozone field can be seen
Hemisphere are less than 3%. The reanalysis shows a gein the seasonal mean cross sections in Fig. 12. Ozone con-
eral positive bias except for the NH winter season. Duringcentrations in the stratosphere are the result of the balance
this season observed averagget@tal columns increase. The of ozone production, ozone loss and transport. The figure
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Fig. 10. Time series of the mean difference of the MACC reanalysis minus tefaldimns from the multi-sensor reanalysis (solid) and
SCIAMACHY fields (dashed) in % averaged ov@) the NH extratropics (3ON-9C° N), (b) the tropics (30 S—-3C N), and(c) the SH
extratropics (99S-30 S) for the years 2003 to 2010. Red lines show the MACC reanalysis and blue lines the control run.
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Fig. 11. Seasonal mean total column ozone field from the MACC reanalysis in DU for DJF (top left), MAM (top right), JJA (bottom left)
and SON (bottom right), averaged over the years 2003 to 2010. Red indicates higher values of the field, blue lower values.

clearly depicts the ozone layer which is at higher altitude inabout+5 % between 15-45km, and a larger positive bias
the tropics than in the extratropics. The concentrations in theabove 42—-45km (Dupuy et al., 2009). ACE-FTS data were
tropics are lowest in DJF when the upwelling branch of theavailable from January 2004 to September 2010, with a gap
Brewer—Dobson circulation is strongest. At the same time,from December 2009 to May 2010. Figure 13 shows time se-
the ozone layer in the NH extratropics is strongest becauseées of monthly mean relative biases between the reanalysis
descent brings ozone rich air down. In SON, the impact of theand ACE-FTS data at 10, 46 and 100 hPa for extra-polar and
chemical ozone destruction over Antarctica is clearly visible.polar regions. The reanalysis generally has a small positive
Here the ozone layer is very thin and partial pressure valuebias. At 100 hPa the biases are less than 10 % in most regions.
around the ozone maximum are less than 9 mPa in the sedNoticeable are larger biases between April and August 2004
sonal mean. and after March 2009, a result of changes in the assimilated
Next, MACC ozone is validated against independent datadata. Between April and August 2004, no ozone profile data
that were not assimilated in the reanalysis. First, stratospheriavere assimilated in the reanalysis because MIPAS data were
ozone fields from the reanalysis are compared with data frormot available anymore and MLS data were not available yet.
the Atmospheric Chemistry Experiment Fourier Transform The larger biases after March 2009 are the result of assimilat-
Spectrometer (ACE-FTS, Dupuy et al.,, 2009). ACE-FTSing NRT MLS data (see Table 1). For the NRT MLS data, the
data show good agreement with correlative measurementslata producers recommend not to use the ozone values below
with a small positive bias with mean relative differences of 64 hPa (bottom three levels) because those values are largely

www.atmos-chem-phys.net/13/4073/2013/ Atmos. Chem. Phys., 13, 4Q39 2013



4088 A. Inness et al.: The MACC reanalysis

Mean O3 DJF 2003-2010 Mean O3 MAM 2003-2010

= o

1000
80°S 60°S 40°S 20°S 0° 20°N 40°N 60°N 80°N 80°S 60°S 40°S 20°S 0° 20°N 40°N 60°N 80°N

Mean O3 JJA 2003-2010 Mean O3 SON 2003-2010

—

1000
80°S 60°S 40°S 20°S 0° 20°N 40°N 60°N 80°N 80°S 60°S 40°S 20°S 0° 20°N 40°N 60°N 80°N

I L [ ]
0O 1 2 3 45 6 7 8 9 10111213 14 1516 17 18 19 >

Fig. 12. Seasonal mean zonal average ozone cross sections from the MACC reanalysis in mPa for DJF (top left), MAM (top right), JJA
(bottom left) and SON (bottom right), averaged over the years 2003 to 2010. Red indicates higher values of the field, blue lower values.

influenced by the a priori of the retrieval. Therefore, the NRT mum ozone mixing ratio. Below 100 hPa the ACE-FTS data
MLS data can not constrain ozone in the lower stratospherdiave large uncertainties.
and upper troposphere. The largest negative biases at 100 hPaNext, MACC ozone is compared with ozonesonde data.
are seen over the South Pole in September and November. The ozonesondes are available for the whole 8yr of the re-
The change to NRT MLS data does not have a noticeableanalysis and come from a variety of data sources: World
impact at higher levels (46 and 10hPa). At 46 hPa, the bi-Ozone and Ultraviolet Radiation Data Centre (WOUDC),
ases are less than 10% in the extra-polar regions and lesSouthern Hemisphere ADditional OZonesondes (SHADOZ),
than 5% in the polar regions. At 10 hPa we see an impactNetwork for the Detection of Atmospheric Composition
of the changed bias correction in January 2008 (Se8t2), Change (NDACC), and campaigns for the Determination
particularly in the polar regions, and biases are reduced afteof Stratospheric Polar Ozone Losses (MATCH), and from
January 2008. At 46 and 100 hPa the change to the variathe ECMWF Meteorological Archive and Retrieval System
tional bias correction does not have a noticeable impact. ITMARS). The precision of electrochemical concentration cell
this altitude range, where the bulk of the ozone column is lo-ozonesondes is on the order-66 % in the range between
cated, the ozone bias correction is successfully anchored bg00 and 10 hPa, betweenld % and+6 % above 10 hPa,
SBUV/2 data alone. The monthly mean standard deviationand betweer-7 % and+17 % below 200 hPa (Komhyr et al.,
of the differences between ACE-FTS data and the reanaly1995). Larger errors are found in the presence of steep gradi-
sis are usually around 10 % at 10 and 46 hPa, but up to 20 %nts and where the ozone amount is low. The same order of
at 100 hPa, and even larger over the South Pole during therecision was found by Steinbrecht et al. (1998) for Brewer—
ozone hole season (not shown). Mast sondes. We did not include carbon-iodine sondes in the
Figure 14 shows profiles of seasonal mean relative biasegalidation because they have larger biases.
of MACC ozone with respect to ACE-FTS data for extra-  Figure 15 shows the time mean vertically averaged rela-
tropical and tropical areas. The biases are negative abovive biases between 5 and 100 hPa from the MACC reanal-
3hPa and below 100 hPa (where ACE-FTS errors are largeysis minus ozonesondes. The mean stratospheric biases are
and mainly positive between 3 and 100 hPa. In the stratofess thant10% for most stations and in many cases even
sphere, they are smallest between 20 and 50 hPa where thégss thant5 %. Larger biases are found over south east Asia.
are less than 5% for most areas. The largest positive bias ofhe control run has considerably larger positive biases in the
up to 15% is found around 10 hPa, i.e. at the level of maxi-stratosphere than the reanalysis. Biases of up to 40 % can be
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Fig. 13. Time series of monthly mean relative ozone biases be- !
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tween the MACC reanalysis and ACE-FTS data (MACC minus - -

ACE-FTS) in % for the period January 2004 to September 2009 at 1 1

10 hPa (top), 46 hPa (middle), and 100 hPa (bottom). The left panels

show time series for extra-polar regions, the right panels time series

for polar regions. There are not enough good quality ACE-FTS data

at 100 hPa between 3@ and 30 N for a meaningful validation; e — I E S e

hence this curve is omitted from the bottom left panel. Red lines 7070 S0 00 70 200 30005 10115 20 2B 30 35 40 45 50

show averages for the area®@®-30 S, dark blue for 30S-30 N,

light blue for 30 N-6C° N, black for 9¢ S-6C S and purple for  Fig. 14. Seasonally averaged relative ozone bias profiles (left) of

60° N-9C° N. MACC reanalysis minus ACE-FTS data, and seasonally averaged
standard deviation profiles of the differences (right) in % for polar
and extra-polar areas (as defined in the figures). Red lines show
averages for the area68-30 S, dark blue for 30S-3C N, light

seen over Antarctica, which is in agreement with the largeblue for 30 N-6(° N, black for 9¢ S—60 S and purple for 6ON—

total column biases seen in Fig. 9. 9C° N.

To assess the vertical structure of these biases in more de-

tail, Fig. 16 shows time averaged ozone profiles and bias

profiles from the reanalysis and ozonesondes for the NH ex: .

tratropics, the tropics, and the SH extratropics. The figureigggv and a precision of (2 ppbv+2%) (Marenco et al.,

demonstrates that the reanalysis agrees to witfifo in the ):

biases are seen near the surface. In the tropics the reanalysis P

and sondes agree to withif10 % above 70 hPa, but have eraged between 200 and 1000 hPa averaged over the pe-

larger negative relative differences below 100 hPa. The tro-rIOd from January 2003 to December 2010. With respect to

I . . ozonesondes, the reanalysis biases are with{B—10) % in
ospheric bias is discussed further in the next subsection. ' ; . .
pospheric bias I discu u ! xtsu ! the NH and over the Antarctic, but larger negative biases are

found in the tropics. With respect to MOZAIC data, the re-
3.2.2 Tropospheric ozone analysis has mainly positive biases of less than 10% over

Europe and North and South America, and negative biases
Figure 16 shows larger tropospheric than stratospheric reloef up to —10 % over Africa. Larger positive biases with re-
ative biases between MACC ozone and ozonesondes, paspect to MOZAIC are found over east Asia. Larger biases
ticularly in the tropics. To investigate this bias in more de- over east Asia were also seen for CO data (Fig. 6), suggest-
tail, the reanalysis ozone is compared with ozonesondeing that either the horizontal resolution is not high enough
and MOZAIC data in the altitude range between 200 andto reproduce the high values seen over polluted airports, that
1000 hPa. The MOZAIC ozone data have a detection limit ofthere could be problems with the vertical transport, or that the

=

hPa]
[hPa]
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the free troposphere and more near the surface. These drifts

=L L 3000 ....... &?. SR O 38 were traced back to the problem with the variational bias cor-
: : 6)8 E%oo 0 o : : I8 15 rection for ozone (see Se&.3.2 which was resolved on 1
e N Q ~~~~~ O TG ;0 January 2008. Figure 19 shows that the biases in the free tro-
e UUR 59....0.5.6 ...... Ol i 1.0 posphere return to below 20 % after January 2008. The large
0 : 9 o o o ol f -5 negative biases above 300 hPa seen after March 2009 are are-
e pr e S crem S ot :1(5) sult of using NRT MLS data instead of the offline product, as
....................... OOOO I_20 already discussed above in S&R.1
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210 2100 ©1000 ©10000 (0100000 3.2.3 Surface ozone
Fig. 15.Mean stratospheric §bias in % of MACC reanalysis mi- Surface ozone from the reanalysis is validated against data
nus ozonesonde data averaged between 5-100 hPa for the peridépm the European Monitoring and Evaluation Programme
January 2003 to December 2010. The diameter of the circles indi{EMEP, http://www.emep.in). Ozone measurements within
cates the number of profiles over the respective stations. Red indEMEP are conducted with commercial UV monitors. An
cates higher values of the field, blue lower values. overview on the calibration/maintenance and data quality
can be found on the EMEP website. A typical accuracy for
acommercial UV instrument is about 1.5 ppbv. The precision
differences are due to the chemical coupling gfadd other  is also close to 1.5 ppbv for a 10 s measurement. Hourly mean
fields. At the very high NQ concentrations over Asia, espe- EMEP observations of £from all available (close to surface
cially in polluted regions near cities (where the airports are),level) EMEP stations (altitude 600 m) are used for the vali-
O3 will be destroyed. The model has too little N®@ere (see  dation of the reanalysis simulations for the years 2003-2008.
Sect.3.3 below), so it might not destroy enoughsQvhich Only stations meeting the 75 % availability threshold per day
could explain the positive bias seen in these regions. and per month are taken into account. Ground-level three-
The differences seen in the biases with respect tohourly averages from the reanalysis are used to produce daily
ozonesondes and MOZAIC data are consistent with find-ozone averages, and the data are interpolated horizontally to
ings by Tilmes et al. (2012), who showed that ozoneson-the location of the EMEP stations. The EMEP surface ozone
des measure higher concentrations than MOZAIC data invalues and the interpolated surface reanalysis values are com-
the free troposphere over western Europe and North angared on a seasonal basis for the latitude bands ©N30
South America, but agree to within the given error bars.40° N (southern Europe), 40N-50C° N (central Europe) and
Saunois et al. (2012) investigated uncertainties as a resu0° N-70° N (northern Europe), and the results are shown
of different sampling frequencies and found these to be ofin Fig. 20. Over northern Europe, the reanalysis underesti-
the order 7-14% in the free troposphere and larger abovenates Q levels during the first half of the year and overesti-
and below. These sampling frequency uncertainties have toates @ during the second half. This results in a negative
be considered when comparing ozonesonde and MOZAIlias (model minus observations) during winter and spring
data, which have very different measurement frequenciesand a positive one during summer and autumn. Over central
and they are large enough to explain the differences betweeand southern Europe, the seasonal variability of ozone from
the ozonesonde and MOZAIC biases seen in Fig. 17. the reanalysis agrees well with the observations, but a large
Figure 18 shows the time mean relative troposphericnegative bias is observed over central Europe during winter
bias profiles of the analysis minus ozonesondes and minuand spring. Over southern Europe the reanalysis systemati-
MOZAIC data. In the tropical troposphere, the reanalysiscally overpredicts ozone mixing ratios, with the highest dis-
shows a large negative bias with respect to sondes aboverepancies observed during summer and autumn. It should
650 hPa, and the opposite below. Elsewhere the biases atee noted that the reported absolute biases are significantly
small which is in agreement with Fig. 17. Compared to higher than the typical accuracy (1 ppbv) of the commercial
MOZAIC data, the reanalysis shows the largest positive biadJV monitoring instruments.
below 800 hPa. The bias of the reanalysis is around 5% in To better understand the above mentioned seasonal vari-
the free troposphere in the NH extratropics, and small andhbility of the biases, the model simulations and the EMEP
negative 10-5 %) in the tropics. observations have been separated into daytime (12:00-
A time series of the monthly mean biases with respect t015:00 h) and night-time (00:00-03:00) data sets (Fig. 21).
ozonesondes at Hohenpeissenberg and MOZAIC profiles aDver southern Europe, the overestimated reanalysis ozone
Frankfurt (Fig. 19) shows similar biases for both data sets.(Fig. 20) coincides with positive daytime biases, which are
Large negative biases are seen at the beginning of the reandkrgest between May and October. Over central Europe and
ysis, when the system was still adjusting and fewer ozonelespite the overall good agreement between the observations
retrievals were available. From the end of 2004 until the endand the reanalysis during the warm period (March—October),
of 2007, biases in the troposphere increase to up to 50 % imarge amplitudes were computed between the night-time and
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Fig. 16. Time mean ozone profiles (left) in mPa from the MACC reanalysis (red) and ozonesondes (black), and averaged ozone bias in %
of MACC reanalysis minus ozonesondes (right) averaged over the period January 2003 to December 2010. Solid lines show means for the
NH extratropical stations (i.e. north of 38), dashed lines for tropical stations (3330 N), and dotted lines for SH extratropical stations

(south of 30 S).
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Fig. 17.Mean tropospheric ozone bias in % of MACC reanalysis minus ozonesondes (left) and minus MOZAIC data (right) for the period
January 2003 to December 2010, averaged between 200-1000 hPa. The diameter of the circles indicates the number of profiles over th
respective stations. Grey circles depict biases of greatert3&%. Red indicates higher values of the field, blue lower values.

daytime biases. Specifically, during daytime the reanaly-ies are necessary to determine the diurnal impact of the ozone
sis strongly overpredicts ozone levels. During night-time assimilation on the surface ozone in the MACC system.
on the other hand, the reanalysis has large negative biases.
Lastly, over northern Europe, three well-defined temporal pe-3.2.4  Discussion of ozone analysis
riods describe the biases. During the first period (January—
April), the reanalysis systematically underestimates the surTo put the magnitude of the ozone biases seen in the MACC
face ozone mixing ratios. The second period (April-August) reanalysis into perspective, MACC ozone is compared with
is characterized by a progressive shift of the biases from negozone data from the ERA-Interim reanalysis (Dee et al.,
ative to positive values, whilst for the third period (August— 2011). This data set is ECMWF's latest reanalysis product,
December) the day and night biases are positive. The differand its ozone analysis fields have better quality than the
ences of the daytime and night-time biases are larger durERA-40 ozone fields (Dragani, 2010, 2011). Figure 22 shows
ing the warmer periods when the h|ghest amp"tudes are Obtime series of monthly mean ozone bias prOfiles with reSpeCt
served. The reason for the diurnal variations of the biases i$0 sondes from the reanalysis and ERA-Interim for a station
not understood at present and is being investigated furthe@t high northern latitudes (Alert), a tropical station (Natal),
It could be a result of using NQemissions that do not have and an Antarctic station (South Pole). The MACC bias plots
a diurnal cycle in the MOZART-3 CTM. During the day this confirm what was already seen in Figs. 13 and 19. At all 3
would result in too-low emissions and hence too littled@-  Stations the biases are larger during 2004 when no profile
struction; during the night emissions and henceviuld data were available, and after March 2009 when NRT MLS
be too large. Other factors could be issues with the verticadata were used. At Alert and South Pole the issues with the
mixing between the free troposphere and the boundary layepias correction lead to larger biases in the troposphere and
or the fact that fewer observations are assimilated during th@bove 15hPa between August 2004 and December 2007. At
night when no UV data are available. Parrington et al. (2009)all three stations tropospheric biases are reduced after 1 Jan-
and Foret et al. (2009) assessed the impact of assimilatingary 2008 when the problem with the variational bias cor-
ozone data on surface ozone concentrations, and further stuection for ozone was resolved. Figure 22 also shows that at
South Pole the largest positive stratospheric biases are seen
in Austral spring during the ozone hole season. Here, the
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Fig. 18. Time mean ozone biases in % from the MACC reanalysis minus sondes (left) and MACC minus MOZAIC data (right) averaged
over the period January 2003 to December 2010. Solid lines show means for the NH extratropical stations (i.e. rfolth d&3@ed lines

for tropical stations (30S—30C N), and dotted lines for SH extratropical stations (south GfS0 Note that there are no MOZAIC flights in
the SH in our database.

Monthly-mean analysis-sonde (rean) profiles
for GO3 (% diff ppb) over Hohenpeissenberg
from 2003 to 2010

Monthly-mean analysis-MOZAIC (rean) profiles
for GO3 (% diff ppb) over Frankfurt
from 2003 to 2010
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Fig. 19.Time series of monthly mean ozone biases (MACC reanalysis minus observations) with respect to ozonesondes at Hohenpeissenbert
(left, 47.5 N, 11° E) and MOZAIC profiles at Frankfurt Airport (right, 5N, 8.6° E) for the period January 2003 to December 2010 in
%. Red indicates higher values of the field, blue lower values.
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control run has a large bias and the ozone analysis can not
completely remove this bias.

Figure 22 illustrates that the biases of ERA-Interim ozone
are larger than those of the MACC reanalysis almost every-
where. This is particularly noticeable in the tropical tropo-
sphere, where biases greater than 100 % are found near the
surface in ERA-Interim. At Alert and South Pole, there are
large changes in ERA-Interim between negative biases dur-
ing winter/spring and positive biases during summer/autumn.
In ERA-Interim ozone data are assimilated without bias cor-
rection and it is possible that a bias in one of the UV sen-
sors can lead to a seasonally varying ozone bias with re-

JF TEMAMI) JASOND
5 _South Europe (30-40N) 0 spect to sondes, depending on when data were available in
a0 5] the analysis. In ERA-Interim NRT MLS data have been used
30+ //:\ 0+ since November 2008, and like in the MACC reanalysis they
207 5] lead to larger departures in the upper troposphere and lower
R e B A A VA A I R S A SRS stratosphere where the profile information is missing after

this date. Also, the representation of the ozone hole is worse

Fig. 20. Mean monthly annual variability during the period 2003- \yhen NRT MLS data are used. The comparison shown in

t2h008b0f tlhf '\S.ACC rginalySis (red) t?]nd Oléservati‘:ns (blaclk)'banchjg. 22 illustrates that ozone from the MACC reanalysis has
e absolute bias (red bars) over northern Europe (top panels, aS’7esmaller errors than other available reanalysis products.
on 72 monitoring stations), central Europe (middle, based on 2

stations) and southern Europe (bottom, based on 5 stations) in ppbv.
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North Europe (50-70N) until the end of June 2007, and V1.1 data after 11 September
2007 (see Table 1). Version 1.1 used an improved cloud algo-
104 rithm in the retrieval of tropospheric trace gases, and as are-
5+ A\_ sult V1.1 tropospheric N@columns were lower than those
0 from V1.04, in particular over heavily polluted areas with
-5 V low clouds (Wang et al., 2008). This data change however
-10 did not have a large impact on the M@analysis fields (see
-15 LNLE L L L BN BLEN BRI BN N T 1 Fig.26below).
JFMAMIJI JASOND SCIAMACHY has a local overpass time of 10:00. A ded-
Central Europe (40-50N) icated observation operator was used to convert the model
15 NOx to NOy in the reanalysis at the time and location of the
~ 107 observations (see also SezR.1). This is important, because
g 57 NO, has an atmospheric lifetime in the boundary layer of
S 0 x/ the order of an hour in summer and about one day in win-
2 5 ter, and shows large spatial and temporal variability around
-10 1 source areas. Figure 23 shows seasonal mean tropospheric
T o S S S S S B B S B B NO; columns from the MACC reanalysis. The largest tro-
JFMAMI JASOND pospheric NG columns are found in the industrial areas of
South Europe (30-40N) the NH, with maxima during DJF over Europe, China and
the eastern US. This is the result of seasonal variations in the
107 m photochemical lifetime of N@and increased anthropogenic
5 emissions during this season. In the SH there are some hot
O'W spots with high NG columns from fossil fuel emissions
-5 over the urban areas and coal fired power plants of South
-10 1 Africa, and over cities in south-east Australia. In the tropics,
ST o S S B S B L B L e the largest N@ values come from biomass burning events
JFMAMIJ JASOND during the local dry season. This is during DJF in northern
Diurnal bias per month Africa and during JJA and SON in Africa south of the equa-
—=— 24h —e—night —&— day tor. Over South America the strongest N€lgnal is seen in

Fig. 21. Monthly mean variability (2003-2008) of the biases SON when biomass burning activity is strongest here. Values

(MACC reanalysis minus EMEP) during daytime (blue line), night- in this region are I_ow_er thar_1 over Afr.lca asa re_SUIt of the
time (black line) and during the 24 h time period (red line) over lower NG,/ CO emission ratio for tropical forest fires com-

northern Europe (top panel), central Europe (middle) and souther@red to Savannah fires. Over Indonesia and north-west Aus-
Europe (bottom). tralia, the biomass burning signal is strongest during SON.

The seasonality of the NOsignal from biomass burning is

in good agreement with the CO signal (see Fig. 3).
3.3 NO; analysis To validate the tropospheric NQields from the MACC

reanalysis, a comparison was made with SCIAMACHY tro-
Tropospheric N@ column retrievals from SCIAMACHY  pospheric column data retrieved by IUP-Bremen. This data
produced in the TEMIS project (Boersma et al., 2004) wereset is different from the TEMIS SCIAMACHY data that are
assimilated in the MACC reanalysis. The largest uncertain-assimilated in the reanalysis (see Table 1). Even though the
ties in the retrieval of tropospheric NGre due to errors in  two SCIAMACHY retrievals are based on the same level 1
the description of clouds, albedo, a priori profile shape ofspectral irradiance data, the retrieval products are completely
the trace gas and aerosol description, and assumptions madedependent, from the spectral fit to the assumptions made on
for aerosol conditions. While some of the uncertainties suchthe a priori used for the air mass factor calculations. While
as those from the a priori profile shape are canceled in thehis is not ideal in terms of having fully independent vali-
assimilation by using the averaging kernels of the productdation data, it can provide a critical evaluation of the model
others have to be taken into account. Boersma et al. (2004performance on a global scale. The IUP retrieval of tropo-
found that retrieval results were generally best for regionsspheric NQ columns from SCIAMACHY measurements is
with strong NQ sources or high surface albedo. Here, the performed in several steps, starting with the retrieval obNO
errors of the retrieved tropospheric N€olumns were of the  slant column (SC) with the DOAS (differential optical ab-
order of 35—-60 %. In clean areas with small background con-sorption spectroscopy) technique in the 425-450 nm wave-
centrations, the signal to noise ratio was very small and rel{ength windows. The tropospheric SC is calculated by sub-
ative errors were very large. In the MACC reanalysis SCIA- tracting the stratospheric contribution from the total columns
MACHY tropospheric N@ columns V1.04 data were used retrieved, assuming that the region over the Pacific {E3O
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Fig. 22. Time series of monthly mean ozone bias profiles from the MACC reanalysis (left panels) and ERA-Interim (right panels) with

respect to ozonesondes at Alert (82N 62.3 W, top), Natal (5.8 S, 35.3 W, middle) and the South Pole (bottom) for the period 2003 to
2010 in %. Red indicates higher values of the field, blue lower values.

Mean NO2 trop. column DJF 2003-2010 Mean NO2 trop. column MAM 2003-2010

Mean NO2 trop. column JJA 2003-2010 Mean NO2 trop. column SON 2003-2010
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Fig. 23.Seasonal mean tropospheric NEblumns from the MACC reanalysis in ¥@molecules crmi? for DJF (top left), MAM (top right),
JJA (bottom left) and SON (bottom right), averaged over the years 2003 to 2010. The analysis data were sampled to match the coverage ant
overpass time of the SCIAMACHY data. Red indicates higher values of the field, blue lower values.

22C E) is clean in the lower atmosphere. Airmass factorsgions are of the order of 30-50%. Further details regard-
determined from radiative transfer calculations are used tang the retrieval can be found, for example, in Richter and
convert the tropospheric slant columns to vertical columns.Burrows (2002) and Richter et al. (2005). N@opospheric

As a rough estimate, systematic uncertainties in polluted reeolumns are only determined for clear sky pixels, i.e. for
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trop. NO2 rean-SCIA DJF 2003-2010 trop. NO2 rean-SCIA MAM 2003-2010

Fig. 24. Seasonal mean differences between tropospherig \W@ical columns from the MACC reanalysis and IUP-SCIAMACHY data in

105 molecules cri? for DJF (top left), MAM (top right), JJA (bottom left) and SON (bottom right), averaged over the years 2003 to 2010.

For proper comparison with the measurements, the reference sector was also subtracted from the reanalysis data. Red indicates higher valu
of the field, blue lower values.
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Fig. 25.Regions used for validation of MACC Nlata (blue) and MACC HCHO data (red) against IUP-SCIAMACHY datayXégjions:
(1) Europe, (2) east Asia, (3) US, (4) northern Africa, and (5) southern Africa. HCHO regions: (6) China, (7) eastern US, (8) Indonesia, (9)
northern Africa, and (10) southern Africa.

cloud fractions smaller than 20% according to the cloudlUP-SCIAMACHY. As the satellite data are relative to the
cover data from the FRESCO database (Koelemeijer et al.¢clean Pacific reference sector, the same correction has been
2001; Wang et al., 2008). For the comparison with the IlUPapplied to the model data. These plots show that the largest
satellite retrievals, the model was sampled at the time and loédifferences are found over the urban areas of the NH, where
cation of the SCIAMACHY overpass and the satellite datathe MACC reanalysis underestimates N®@ith respect to
were averaged to the model spatial resolution. the SCIAMACHY data. The largest negative differences in
Figure 24 shows the seasonal mean differences betweetie NH are found in DJF over east Asia and the eastern US.
tropospheric N@ columns from the MACC reanalysis and The best agreement for the polluted areas of the NH is seen
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over the US in JJA. Negative differences are also seen foulation of tropospheric N®in the reanalysis has a realistic
NO; hotspots in South Africa. Several reasons might explainseasonal cycle with maxima during the winter months and
the low bias of the reanalysis NQvith respect to the IUP- minima during the summer. There is good agreement dur-
SCIAMACHY data over the urban areas of the NH. Firstly, ing the summer, but winter values are too low. Particularly,
the anthropogenic NPemissions from the MACCity data over east Asia there is an underestimation of tropospheric
set could be too low, but considering the observed down-NO, by about a factor of 2 during winter in the reanalysis,
ward trend in NQ emissions (van der A et al., 2008), this as already seen in Fig. 24. For Europe and the US, the agree-
is unlikely. Secondly, there is no daily cycle in emissions ap-ment between the [IUP-SCIAMACHY data and the reanalysis
plied in MOZART-3, which may result in underestimation of is better. Considering the low resolution of the MOZART-3
emissions at 10:00, i.e. during daytime and shortly after theCTM, maximum NQ emissions in urban areas are not mod-
rush hour. Thirdly, because of the short lifetime the informa- elled adequately and at least some of the differences seen in
tion brought into the system by assimilating SCIAMACHY Fig. 26 are likely to be representativeness errors.
data is lost quickly, and the impact of the MN@&ssimilation is Figure 27 shows time series of monthly mean tropospheric
actually small. Finally, with the relatively low resolution of NO, columns from the reanalysis and IUP-SCIAMACHY
MOZART-3, the maximum emissions in urban areas mightfor the biomass burning areas of northern and southern
not be modelled correctly. Over northern Europe the reanalAfrica. Again the differences between the reanalysis and the
ysis is higher than the IUP-SCIAMACHY data in DJF and control run are negligible. The figure shows that the reanaly-
SON. This might be related to a problem in lifetime leading sis has the right seasonality with maximum values in north-
to too much transport of pollution into these areas. ern Africa during DJF and in southern Africa during June to
Over tropical biomass burning regions, the reanalysis NO September. However, the reanalysis overestimates the tropo-
columns are higher than the IUP-SCIAMACHY data, for ex- spheric NQ columns during the biomass burning seasons,
ample in northern Africa during DJF, in southern Africa in as already seen in Fig. 24. The overestimation during the
JJA, and in South America in JJA and SON. Over Indone-biomass burning season could again be related to a too-large
sia the reanalysis generally overestimates the B@umns  NOy emission factor used for fires.
relative to the data, with the largest deviations in SON. Over The correlation between the global and seasonally aver-
north-west Australia the differences are also positive in SON.aged reanalysis NOand the IUP-SCIAMACHY data (over
Other interesting aspects are clear spots of positive differall surfaces) averaged over the years 2003 to 2010 is 0.83 in
ences for the boreal fires (e.g. Asia in MAM, North America DJF, 0.87 in MAM, 0.82 in JJA and 0.84 in SON, indicat-
in JJA) that are captured in the reanalysis but not seen byng a good spatial agreement between the reanalysis and the
the satellite. This could be related to a too-largexMOO satellite retrievals. Table 2 shows correlations between the
emission ratio used for fires in boreal forests. The reanalysiseasonal trends of reanalysis and IUP-SCIAMACHY data for
background concentrations over clean areas agree to withithe five NG regions (data considered only from land grid
+0.5 x 10'° moleculescm? with IUP-SCIAMACHY data,  boxes). The high correlation over east Asia shows that the

which is close to the detection limit of the instrument. reanalysis captures the seasonalbN@nd well, despite the
Next, time series of area-averaged monthly mean tro-wintertime biases.
pospheric N@ from the reanalysis and from I[UP- Table 3 summarizes the seasonal mean biases between

SCIAMACHY data are compared. The areas used for thelUP-SCIAMACHY NO, data and the reanalysis fields for the
NO, comparison are shown in blue in Fig. 25. Only land five regions discussed above. For this table daily differences
points are used to calculate the monthly area averages. Theetween the reanalysis and SCIAMACHY were calculated
MACCity emissions have a positive trend for N@missions  over land and then averaged over the years 2003-2010 for
over China, and negative trends over western Europe and thihe corresponding months and regions. The table confirms
US (Granier et al., 2011a). that the largest negative biases can be seen over the industrial
Figure 26 shows the time series for the polluted regionsareas of the NH, with maxima during the winter months. The
of the NH for the reanalysis, the control run and the IUP- biases in the African biomass burning areas are smaller. Over
SCIAMACHY data. The plots show the impact of the NO northern Africa the bias is positive apart from JJA when it is
assimilation is small, because reanalysis and control run aremall and negative. In southern Africa biases are largest and
very similar. This can have several reasons. First, the NO positive in JJA and small and negative in the other seasons.
data have larger observation errors than the CO pd&a, Figure 28 shows seasonal mean zonal averagg &
and are therefore given less weight in the analysis. Secondlytude cross sections from the MACC reanalysis to illustrate
because of the short lifetime of NGnd the fact that N®@  the vertical structure of the NCfield. NO; concentrations
data are only assimilated once per day, the impact of the anakre largest near the surface and fall off rapidly with height.
ysis is lost again quickly. A larger impact might be obtained This illustrates the dominating importance of the emissions
by assimilating data from an additional instrument with a dif- for the NQ, field.
ferent overpass time (e.g. NGrom OMI, which has a lo-
cal overpass time of 13:40). Figure 26 shows that the sim-
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Table 2. Correlation between the seasonal trends of the monthly averaged MACC reanalysis and IUP-SCIAMAGHét&lOver land.

Region World Europe eastAsia US northern Africa  southern Africa

Correlation 0.89 0.72 0.96 0.85 0.86 0.91

Table 3. Seasonal mean biases and rms errors #? friblecules crm? of MACC reanalysis and IUP-SCIAMACHY N@averaged over the
years 2003 to 2010 for the 5 regions illustrated above. Only land points were used in the calculations.

DJF MAM JJA SON
Bias RMS Bias RMS Bias RMS Bias RMS
east Asia -410 691 -112 260 -0.01 134 -1.80 3.58
Europe -041 3.09 -062 134 -034 088 -0.05 1.73
us -112 270 -061 122 -0.05 066 -0.22 0.90

northern Africa 0.53 0.67 0.20 0.40-0.01 0.22 0.16 0.33
southern Africa —0.02 0.11 -0.02 0.21 0.53 0.86 —0.01 047

Northern Africa
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o e 00 a00e 2007 308 3000 010 Fig. 27. Time series of monthly mean area-averaged tropospheric
United States NO, columns in 18°moleculescm? from the MACC reanaly-
15 sis (red), the control run (blue) and from IUP-SCIAMACHY data
(black) for the period 2003 to 2010 for northern Africa (top) and
10k southern Africa (bottom). Only land points were used in these cal-
5 culations.
%
£
3.4 HCHO analysis
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2003 2004 2005 2006 2007 2008 2009 2010 HCHO data are not assimilated in the MACC reanalysis be-

Fig. 26. Time series of monthly mean area-averaged troposphericcause the data quality of individual satellite retrievals is not

NO, columns in 18® moleculescr? from the MACC reanalysis sufficient. Monthly mean observations generally have a total
(red), the control run (blue) and IUP-SCIAMACHY data (black) for €07 of 20—40 %, but individual observations can have much
the period 2003 to 2010 for Europe (top), east Asia (middle) and thd@rger errors (De Smedit et al., 2008). Over Europe, for exam-
US (bottom). Only land points were used in these calculations.  Ple, the mean HCHO column is smaller than the random error
of SCIAMACHY observations, which does not favour assim-
ilating individual observations. Hence, the HCHO reanalysis
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Fig. 28. Seasonal mean zonal average ;N@oss sections from the MACC reanalysis in ppb for DJF (top left), MAM (top right), JJA
(bottom left) and SON (bottom right), averaged over the years 2003 to 2010. Red indicates higher values of the field, blue lower values.

Mean HCHO trop. column DJF 2003-2010 Mean HCHO trop. column MAM 2003-2010

0 2 4 6 8 101214 16 18 20 22 24 26 >

Fig. 29.Seasonal mean tropospheric HCHO columns from the MACC reanalysisimidecules cm? for DJF (top left), MAM (top right),
JJA (bottom left) and SON (bottom right), averaged over the years 2003 to 2010. The analysis data were sampled to match the coverage ant
overpass time of the SCIAMACHY data. Red indicates higher values of the field, blue lower values.

fields are entirely determined by the MOZART-3 chemistry, high biogenic VOC emissions and biomass burning. High
the MACCity emissions and the atmospheric transport. values are also found over the south-eastern US in JJA and
Figure 29 shows seasonal mean tropospheric HCHGQare indicative of the oxidation of isoprene emitted during the
columns from the MACC reanalysis. The largest HCHO growing season in the summer. Values over Europe are much
columns are found in the tropics and reflect the regions oflower but also peak in JJA. Figure 29 agrees well with the
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trop. HCHO rean-SCIA DJF 2003-2010 trop. HCHO rean-SCIA MAM 2003-2010

Fig. 30. Seasonal mean differences between tropospheric HCHO columns from the MACC reanalysis and IUP-SCIAMACHY data in
10 moleculescm? for DJF (top left), MAM (top right), JJA (bottom left) and SON (bottom right), averaged over the years 2003 to
2010. Red indicates higher values of the field, blue lower values.

Table 4. Correlation between the seasonal cycles of monthly averaged MACC reanalysis and IUP-SCIAMACHY HCHO data over land.

Region World China US Indonesia northern Africa  southern Africa

Correlation  0.24 0.85 0.81 0.69 0.54 0.84

global maps shown in De Smedt et al. (2008). Over Southand the detection limit is  10*® moleculescm?. The un-
America, the maximum HCHO values are seen during thecertainty in the mean of the observations is estimated to be of
fire season (August to November). In Africa, north of the the order of 186 molecules cm? (Wittrock, 2006). However,
equator, maximum values are found during the main fire seafor HCHO hotspots, both the absolute values and the season-
son in DJF. South of the equator, the maximum values arality can be retrieved with confidence. Figure 30 shows the
observed in JJA. Over south east Asia the largest HCHO conseasonal mean differences between [UP HCHO tropospheric
centrations occur during MAM and JJA, and are likely to be columns and the reanalysis fields. The figure shows that there
associated with biogenic VOC emissions. For the region ofare limitations with the satellite retrievals at low solar eleva-
Indonesia, the HCHO concentrations are always high, withtions, which lead to large differences and large scatter in the
a minimum observed during DJF. Over northern AustraliaNH during DJF and in the SH during JJA. The difference
HCHO concentrations are largest during the main growingplots also show scatter over the area of the South Atlantic
season SON and DJF. anomaly in JJA. This localized discrepancy is due to an arte-
To validate the tropospheric HCHO columns from the fact in the observations, because here the SCIAMACHY in-
reanalysis, they are compared with SCIAMACHY HCHO strument is exposed to high energy solar particles, leading
data retrieved by IUP-Bremen. The IUP retrieval of HCHO to a reduced signal to noise ratio and a large scatter in the
columns follows a similar approach as the N@ethod de-  data. Figure 30 shows that the reanalysis overestimates the
scribed in the previous section, using also the approach oHCHO tropospheric columns with respect to SCIAMACHY
reference sector to correct for instrumental drift and ap-in regions with high biogenic emissions and biomass burn-
propriate airmass factors to convert the slant to verticaling. This is the case in the eastern US, Europe and China
columns. To account for the tropospheric HCHO amountduring JJA, and in northern Africa, South America and In-
present over the region between 180-<2BQused for nor-  donesia throughout the year. In southern Africa the seasonal
malization, a mean value of.Bx 10> moleculescm? is mean differences between the IUP-SCIAMACHY data and
added. Further details on the retrieval can be found in Wit-the reanalysis are small.
trock (2006) and Wittrock et al. (2006). The total erroronthe The plots indicate that the reanalysis underestimates
monthly and regionally averaged data is between 20-40 %HCHO for background concentrations over the oceans,
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Table 5. Seasonal mean biases and rms errors #? ilecules crm? for MACC reanalysis and IUP-SCIAMACHY HCHO averaged over
the years 2003 to 2010 for the 5 regions discussed above. Only land points were used in the calculation.

HCHO DJF MAM JJIA SON

Bias RMS Bias RMS Bias RMS Bias RMS
China 0.50 1.31 1.02 127 -1.23 3.74 0.03 1.64
eastern US —-1.90 1.48 1.43 1.25 2.25 1.70 1.55 1.09
Indonesia 5.01 2.34 7.83 2.55 8.57 2.81 6.29 2.05

northern Africa 256 3.15 1.00 254 0.23 294 140 273
southern Africa —0.42 122 -043 226 -124 412 -180 2.38

China time series for northern Africa, southern Africa, and Indone-
sia, i.e. regions with biogenic sources and biomass burning.
5k The seasonality and magnitude is well captured for China
and the eastern US. In the biomass burning areas of northern
Africa, the reanalysis overestimates HCHO during the main
fire season, but the agreement between reanalysis and data in
— Reanalysis southern Africa is good. The largest differences are seen over
— SCIAMACHY Indonesia where the reanalysis is almost constantly higher
T than the satellite data by at leask3.0™ moleculescm?.
United States However, during the Indonesian fires in October 2006 the re-
20 analysis and the satellite data show good agreement, captur-
ing the very high values of HCHO registered for this month.
The regional correlations between the monthly mean re-
10 analysis time series and the IUP-SCIAMACHY data are
shown in Table 5 (data considered only from land grid
boxes). They are low for the world, confirming that a mean-
0 \ ingful statement can only be made for regions with large
! '| ! ! ! ! ! I ! HCHO concentrations. In the five regions discussed above,
20032008 2005 2006 2007 2008 2009 2010 the correlations are lowest over Indonesia and northern
Fig. 31. Time series of monthly mean area-averaged troposphericAffica, confirming what was seen in Fig. 32.
HCHO columns in 18> moleculescm? from the MACC reanal- Figure 33 shows seasonal mean zonal average cross sec-
ysis (red) and IUP-SCIAMACHY (black) for China (top) and the tions of HCHO from the reanalysis. It shows that the largest
eastern US (bottom). Only land points were used in these calculaconcentrations are confined to the boundary layer and de-
tions. crease with height. There is some sign of transport of HCHO
into the upper troposphere by deep convection in the trop-

o ) ) ics. In DJF the zonal mean maximum is found arountdN.O
where oxidation of methane is the main source of HCHO-pointing to high HCHO values in Africa north of the equa-

This could point to a problem with the retrieval over sea, butiy, |4 33A the highest values are seen arourfd\i(North
the HCHO values here are close to the detection limit of thea merican signal) and around 18 (combination of South
instrument, and the differences are hence not very mea”ingAmerica, Africa and Indonesia).
ful.

Next, time series of monthly mean tropospheric HCHO
from the reanalysis and IUP-SCIAMACHY data are com- 4 Conclusions
pared. The regions used for the HCHO comparison are
shown in red in Fig. 25 and focus on areas with a strongA data assimilation system for global reactive gases, aerosols
HCHO signal. Only land points are used to calculate theand greenhouse gases was developed and consolidated as
monthly area averages.The differences between the reangbart of the EU funded GEMS and MACC projects. This
ysis and the control are very small, which was to be expectesdystem was used in the MACC project to produce an 8yr
because no HCHO data were assimilated in the MACC redong reanalysis of atmospheric composition data for the pe-
analysis. For this reason the control run is not shown in theriod 2003—-2010, by assimilating satellite data to constrain
time series plots below. Figure 31 shows time series ovelOz, CO, NG, COy, CHy, and aerosol optical depth. The re-
China and the eastern US, regions dominated by biogeni@analysis data are constrained in a consistent way by obser-
emissions with some anthropogenic input. Figure 32 showssations and the model simulation. This paper describes the

10" molec cm?

10" molec cm?
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Northern Africa to a MOZART-3 stand-alone run carried out with the MACC

— Reanalysis configuration. The reanalysis CO field has a realistic seasonal
> - SCIAMACHY cycle and interhemispheric differences. Total column values
in 2008 to 2010 are low compared to the satellite retrievals at

30

20 -

€
sy high northern latitudes, but in other areas the agreement with
£ MWWJ MOPITT and IASI is good. Using MACCity emissions to
T o5t provide boundary conditions for the MOZART-3 CTM leads
0 to tropospheric CO values that are 10-20 % too low com-
o T e e e 0 00 oo pared to MOZAIC data through most of the troposphere. In
Southern Africa the boundary layer at urban sites affected by air pollution, the
30 negative biases are larger, suggesting an underestimation of
25 CO or precursor emissions. Surface CO from the MACC re-
20 analysis agrees well with NOAA/GMD observations, which

10" molec cm?

15| indicates that, despite uncertainties of satellite measurements
10 JV\%M‘/\%MM in the lower troposphere, assimilation of CO data from such
sL products can lead to a good representation of surface CO con-

centrations for unpolluted regions.

! ! ! ! ! ! I ! I Comparison with independent data has shown ozone from
003 A0h A 00 00T 0080 000 the MACC reanalysis to be considerably better than a free-

30 pocnee running MOZART-3 CTM. Stratospheric ozone fields from

2 L the MACC reanalysis agree with ozonesondes and ACE-FTS

data to within+=10 % in most situations. In the troposphere

the reanalysis shows biases-65 % to+10 % with respect

to ozonesondes and MOZAIC aircraft observations in the ex-

tratropics, but has larger negative biases in the tropics (up to

—40% around 100 hPa). These biases are partly due to bi-

, | | | | | , | | ases in the underlying MOZART-3 CTM, but a time varying
2003 2004 2005 2006 2007 2008 2009 2010 bias in the troposphere is the result of using a variational
: . . . bias correction scheme without MLS as an anchor before

Fig. 32. Time series of monthly mean area-averaged tropospheric,

HCHO columns in 185 molecules cm? from the MACC reanaly- 2008 (see also Se@.3.2. Area averaged total column ozone

sis (red), and IUP-SCIAMACHY (black) for northern Africa (top), 29rees with data from KNMI’s multi-sensor reanalysis prod-

southern Africa (middle) and Indonesia (bottom). Only land points UCt to within a few percent. Surface ozone from the reanal-
were used in these calculations. ysis agrees with EMEP surface observations over Europe to

within + (5—-10) ppbv. However, there are some diurnal vari-

ations in the surface ozone biases that need to be investigated
assimilation system for the reactive gases used in the MACGQurther. The biases of the MACC reanalysis with respect to
reanalysis and presents some validation results of the reanabzonesondes are smaller than biases of ERA-Interim ozone
ysis fields for CO, @, NO, and HCHO. Total column val- fields.
ues are generally in very good agreement with independent Assimilating NG retrievals from SCIAMACHY in the
observations, but profiles can show some problems in theVIACC reanalysis has only little impact, and the Nfelds
boundary layer where concentrations are dominated by emisfrom the reanalysis and the control run are very similar.
sions. There are some discontinuities in the data set related possible reason for this is the short lifetime of NGo
to instrument changes and issues with the bias correction athat the impact the data have in the analysis is lost again
ozone data. These discontinuities limit the usability of the quickly. NO; fields from the reanalysis show the right sea-
reanalysis as a research tool for assessing the state of the clonality over polluted urban areas of the NH and over tropical
mate or for studying interannual variability. The most impor- biomass burning areas, but underestimate wintertime NO
tant issues are summarized in Appendix A. A future reanaly-maxima over anthropogenic regions and overestimate NO
sis of atmospheric composition would benefit from using anin northern and southern Africa during the tropical biomass
improved CTM, or chemistry routines integrated in the IFS, burning seasons.
better emissions, improved bias correction (e.g. to ensure that Tropospheric HCHO is quite well simulated in the MACC
bias correction is anchored properly and does not drift; morereanalysis even though no satellite data are assimilated. It
sophisticated bias correction for CO), and the exploration ofagrees well with independent IUP-SCIAMACHY observa-
more data sets, especially profile data if available. tions over regions dominated by biogenic emissions with

Assimilating MOPITT and IASI CO retrievals in the some anthropogenic input, such as the eastern US and China,

MACC reanalysis leads to an improved CO field comparedand also over African regions influenced by biogenic sources

10" molec cm?
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Mean HCHO DJF 2003-2010 Mean HCHO MAM 2003-2010
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Fig. 33. Seasonal mean zonal average HCHO cross sections from the MACC reanalysis in ppbv for DJF (top left), MAM (top right), JJA
(bottom left) and SON (bottom right), averaged over the years 2003 to 2010. Red indicates higher values of the field, blue lower values.

and biomass burning. Over Indonesia, however, the reanalyAppendix A
sis has a large positive bias that is not seen in the control run,
but the high HCHO values observed during the IndonesiarSummary of known issues with the reactive gas fields
fires of 2006 are very well captured by the reanalysis.

The MACC reanalysis is a valuable 8 yr long atmospheric There are some issues with the reactive gas analysis fields
composition data set that can, for example, be used as boundhat a user should be aware of because they cause disconti-
ary conditions for regional models, climatological studies nuities in the data set:

or for model evaluation. In addition to the four GRG IFS  _ The piomass burning emissions were changed on 1 Jan-
fields analyzed in this paper, more chemical species are uary 2009 from a preliminary version of GFED3 to
available from the MOZART-3 CTM output. The MACC GFAS version 1.0. The GFAS version 1.0 emissions
model and assimilation system is also run in NRT to pro- budget is about 18 % higher than those used during the

duce daily analyses and 5-day forecasts of reactive gases st Byr.
and aerosols. Data from the MACC reanalysis and the NRT

analysis are available from the MACC data sertép:/ — Using MACCity emissions to provide lower boundary
www.gmes-atmosphere.e&urther validation results from conditions for the MOZART-3 CTM led to too-low CO
the MACC reanalysis can be found on the MACC verifica- analysis values, especially in the boundary layer.

tion web pagdittp://www.gmes-atmosphere.eu/services/gac/ After 23 March 2010 NRT MOPITT CO data were used

global verification/ in the reanalvsis i ) .
: . ysis instead of the offline product. This
Since November 2011, the MACC-Il project has begun as change did not have a noticeable impact on the reanaly-

a successor to MACC. This project will continue to deliver o
. . . sis fields.
the daily analyses and forecasts of atmospheric composition.
There are no plans for a new reanalysis in MACC-II, but the — Assimilation of IASI CO after 1 April 2008 led to some
MACC reanalysis will be extended to more recent years, and  changes in the CO field.
selected periods will be rerun to test changes to the assimila-

tion system and new input data sets. — Using variational bias correction for MLS ozone pro-

files led to increased tropospheric ozone and changes
to ozone above 15hPa. However, it did not affect the
total column ozone field. These drifts stopped on 1 Jan-
uary 2008 when the bias correction was switched off

Atmos. Chem. Phys., 13, 4073109 2013 www.atmos-chem-phys.net/13/4073/2013/
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for MLS, and afterwards agreement with independentAtkinson, R.: Gas-phase tropospheric chemistry of organic com-

ozonesondes and MOZAIC data was improved. pounds, J. Phys. Chem. Ref. Data Monogr., 2, 13-46, 1994.
Auligné, T., McNally, A. P., and Dee, D. P.: Adaptive bias correction

— Using NRT MLS data instead of the offline product af-  for satellite data in a numerical weather prediction system, Q. J.
ter 16 March 2009 resulted in larger departures in the Roy. Meteor. Soc., 133, 631-642, 2007.
upper troposphere and lower stratosphere, because tt&aklanov, A., Korsholm, U., Mahura, A., Petersen, C., and
lowest 3 layers (68—100, 100-146, and 146—215 hPa) of Gross, A.: ENVIRO-HIRLAM: on-line coupled modelling of

the MLS data could not be used.

urban meteorology and air pollution, Adv. Sci. Res., 2, 41-46,
2008.

— NRT OMI ozone columns were assimilated instead of Barkley, M.. Description of MEGAN biogenic VOC emis-

the offline product between 21 March 2007 and 31 De-
cember 2007. This did not have a noticeable impact on
the ozone analysis.

— A model upgrade to MOZART 3.5 was implemented on
1 January 2009, which slightly improved the represen-
tation of the ozone hole in the control run but did not
affect the other model fields.

— NO, SCIAMACHY retrievals V1.04 were assimilated

sions in GEOS-Chem, available http://acmg.seas.harvard.edu/
geos/wikidocs/emissions/megan.p(ifist access: 29 November
2012), 2010.

Benedetti, A., Morcrette, J.-J., Boucher, O., Dethof, A., Enge-

len, R. J., Fisher, M., Flentje, H., Huneeus, N., Jones, L.,
Kaiser, J. W., Kinne, S., Mangold, A., Razinger, M.,
Simmons, A. J., Suttie, M., and the GEMS-AER team:
Aerosol analysis and forecast in the European Centre for
Medium-Range Weather Forecasts Integrated Forecast Sys-
tem: 2. Data assimilation, J. Geophys. Res., 114, D13205,
doi:10.1029/2008JD011113009.

until 30 June 2007, SCIAMACHY V1.1 data were as- Bhartia, P. K. and Wellemeyer, C.: TOMS-V8 totag @lgorithm,

similated after 11 September 2007, but this only has
a minor impact on the analysis fields.
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