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Abstract. Modelling of aerosol particles with chemical Sulphur Dioxide Network for soot-containing particles, and
transport models is still based mainly on static emission(3) through comparison with measurements of the water sol-
databases while episodic emissions cannot be treated suffitble components S NH4, and NG conducted by the
ciently. To overcome this situation, a coupling of chemical EMEP (European Monitoring and Evaluation Programme)
mass concentration modelling with satellite-based measureaetwork. Separately, for the water soluble, the soot and the
ments relying on physical and optical principles has beenmineral dust aerosol components a bias reduction and subse-
developed. This study deals with the observation operaquent a root mean square error reduction is observed in the
tor for a component-wise assimilation of satellite measure-analysis for a test period from July to November 2003. Ad-
ments. It treats aerosol particles classified into water sol-ditionally, examples of an improved analysis during wildfire
uble, water insoluble, soot, sea salt and mineral dust conand dust outbreak situations are shown.

taining aerosol particles in the atmospheric boundary layer
as separately assimilated aerosol components. It builds on
a mapping of aerosol classes used both in observation an&i
model space taking their optical and chemical properties

into account. Refractive indices for primary organic car- goth, global and regional chemical transport modelling
bon particles, anthropogenic particles, and secondary oricTM) have successfully included aerosol modules in recent
ganic species have been defined based on a literature rgaars (Binkowski, 1999; Ebel, 1997a; Rasch et al., 2000;
view. Together with a treatment of different size distribu- cpin et al., 2002). Apart from scientific research questions
tions in observations and model state, this allows transformyys js motivated mainly by the implications of aerosols on
ing the background from mass concentrations into aerosof, ;man health and the radiative budget in the atmosphere.
_optical _depths. A two-dimensional, variatio_nal assimilation \ypile the modelling of physical and chemical processes has
is applied for component-wise aerosol optical depths. Erimproved widely, a specific problem is the timely informa-
ror covariance matrices are defined based on a validatiofon, of special events with elevated aerosol emissions. Typ-
against AERONET sun photometer measurements. Analysig.|ly, databases show deficiencies in spatial and temporal
fields are assessed threefold: (1) through validation againsisolution, quantitative values and their evolution over time
AERONET especially in Saharan dust outbreak situations\iemmesheimer et al., 2004). Irregular episodic events like
(2) through comparison with the British Black Smoke and fires or variable sources in transportation or vegetation can-
not be modelled on this basis. Additionally, dust source
region databases are typically not detailed enough in terms

Correspondence tau. Schroedter-Homscheidt  of spatial resolution and mineral dust size distribution (En-
BY (marion.schroedter-homscheidt@dir.de) gelstaedter et al., 2006). Together with uncertainties in the
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modelled wind and surface stress fields this results in deEnvironmental Satellite (GOES-8, Wang et al., 2003) over
ficiencies in modelling dust outbreaks as another class othe Atlantic Ocean. For the Puerto Rico Dust Experiment
episodic aerosol events. (PRIDE) in July 2000 a nudging approach was used to as-
Therefore, up to date measurements have to be taken intsimilate these GOES-8 observations into the Regional At-
account using data assimilation methods. Ground measuranospheric Modelling System (RAMS). Niu et al. (2008) use
ments often show a confined geographical coverage which is variational approach for the assimilation of a dust index
insufficient compared to the typical horizontal aerosol sourceprovided by the geostationary FY-2C satellite into the Chi-
variability. Satellite-based sensors provide aerosol measuraiese Unified Atmospheric Chemistry Environment — Dust
ments on a regional or global scale, covering larger areagCUACE/Dust) forecast system. Also, in a case study cov-
within a single overpass. Currently, all satellite-based al-ering East Asia in May 2007, Hara et al. (2009) use observa-
gorithms provide aerosol optical depth (AOD) observations.tions of the Cloud Aerosol Lidar with Orthogonal Polariza-
Therefore, a coupling between the chemical descriptions irtion (CALIOP) to simulate dust outbreak events over China
terms of mass concentrations used in air quality models anénd Japan within the RAMS/CFORS (Regional Atmospheric
the physical properties observed by satellites has to be inModeling System/Chemical weather FORecast System) dust
troduced (e.g. Hutchinson et al., 2004). In terms of data astransport model.
similation parlance, such a coupling is provided by the ob- A first assimilation of aerosol size distribution resolving
servation operator. Besides the spatio-temporal interpolatiombservations was published by Generoso et al. (2007) us-
between a gridded CTM and the irregular distributed satel-ing “fine” and “coarse mode” observations made over the
lite observations, the observation operator couples betweeArctic by the POLarization and Directionality of the Earth’s
the different aerosol descriptions in the background modeReflectances (POLDER) instrument and the LMDz-INCA
and the observations. (Laboratoire de Mteorologie Dynamique Zoom-Interaction
Data assimilation has been widely used in numericalChimie Aérosols) chemical transport model.
weather prediction (e.g. Daley, 1991; Lorenc, 1986) and Meanwhile the Synergetic Aerosol Retrieval (SYNAER,
oceanography (Ghil, 1989), and since the nineties it has beeHhlolzer-Popp et al., 2002a, b, 2008) provides aerosol optical
extended towards chemical transport modelling (Elbern etdepth observations from ENVISAT (Environmental Satel-
al., 1997, 2001, 2007; Jeuken et al., 1999; Khattatov et al.lite) Advanced Along Track Scanning Radiometer (AATSR)
1999; Lahoz et al., 2007a, b; Lamarque et al., 1999; Leveltand Scanning Imaging Absorption Spectrometer for Atmo-
et al., 1998; van Loon et al., 2000). Most of these studiesspheric CHartographY (SCIAMACHY) separately for the
deal with the assimilation of gas phase species as e.g. ozonspot, mineral, water soluble, water insoluble and sea salt
nitrogen dioxide or carbon monoxide. components. This opens the possibility to assimilate aerosols
First assimilation studies of satellite based AOD obser-in a component-wise approach over both land and ocean.
vations have been presented in recent years. During the This study focuses on the development of an observation
Indian Ocean Experiment (INDOEX) Collins et al. (2001) operator for SYNAER observations with their separation of
used an optimum interpolation method to assimilate AOD major aerosol components representative for the atmospheric
observations made by the AVHRR (Advanced Very High boundary layer and the troposphere. This is a basis for an
Resolution Radiometer) instrument into the Model of At- operational variational assimilation system of SYNAER ob-
mospheric Transport and Chemistry (MATCH, Rasch et al.,servations provided by ENVISAT and in the future the Me-
1997). Due to missing aerosol type information in the ob-teorological Operational Polar Satellites (METOP).
servations and the focus of INDOEX on the distribution of  Section 2 provides a description of the study setup, the
maritime aerosols (Rasch, 2001), this study assumes a fixeBYNAER observations with their underlying aerosol com-
aerosol type based on optical properties of maritime aerosolgonent definition, the European Air Pollution Dispersion-
An equivalent approach has been used by Yu et al. (2003)nverse Model (EURAD-IM) with its aerosol class definition
to assimilate AOD observations of the Moderate Resolu-and the validation data bases. Section 3 describes the concept
tion Imaging Spectroradiometer (MODIS) into the Goddard and development of the observation operator together with
Global Ozone Chemistry Aerosol and Transport (GOCART) a validation of both background model and observations as
model. Verver et al. (2002) and van Velthoven et al. (2004)a basis of error covariance definition. Section 4 presents a
present an assimilation of Along Track Scanning Radiometewalidation of analysis fields both in terms of aerosol optical
(ATSR-2) observations into the chemical tracer model TM3, depth and mass concentrations against ground-based mea-
also based on a similar approach. surements. Finally, Sect. 5 concludes the paper with a dis-
While all these studies assume a constant aerosol type farussion of its achievements and limitations.
all observations independent of the regional aerosol com-
position, there are also studies focusing on the assimila-
tion of observations representing a single aerosol compo-
nent. Wang et al. (2004a, b) assimilate dust aerosol obser-
vations taken selectively by the Geostationary Operational
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2 Study setup aerosol mixture. Only pixels with a retrieved aerosol mix-
ture are used in this study dealing with an aerosol compo-
The study is based on a test period from 1 July to 30 Novemnent wise assimilation approach. All radiative transfer calcu-
ber 2003. It relies on the availability of three-dimensional |ations within SYNAER assume spherical particles and Mie
mass concentration fields of all internal EURAD model theory.
aerosol Cla.sses, while the standard Output of the Operational The entire method uses the same basic aerosol compo-
EURAD model version provides only particulate matter with nents (Holzer-Popp et al., 2008, Table 1). These compo-
particles having a diameter above 10 um (gMSuch adata  nents, their optical features and log-normal size distribution
set has been created for Europe as a result of the ASSEZRre taken from the OPAC database (Hess et al., 1998) for
("Assimilation of ENVISAT data”, 2003-2006, Lahoz et al., the water soluble (WASO), the water insoluble (INSO), the
2007b) project. sea salt accumulation and coarse mode (SSAM and SSCM),
and the mineral transported (MITR) component. On the
basis of more recent campaigns and AERONET (Aerosol
The synergetic aerosol retrieval method SYNAER (Holzer- Robotic Network) data some.specllflg items have been up-
rgated. The soot component is split in two components for

Popp et al., 2002a, b, 2008) delivers aerosol optical dept . . .
(AOD) at 550 nm over both land and ocean and an estima_strongly absorbing diesel soot (DISO) more representative

tion of the aerosol type in the lower troposphere includingfor industrial areas_and weakly absor_b_lng biomass burning
a possible elevated dust layer. It exploits a spatially high re-SO_Ot (BISO). qu mineral dust an additional component for
solving (typically 1 kn?) radiometer allowing accurate cloud mineral dl?St with low ab;orpuon (MILO) represents dust
detection (Kriebel et al., 1989, 2003) and dark field aerosolOUrces with lower hemapte content. A§ the m_solut_)le com-
assessment together with a spectrally high resolving spec[-)one.nt n OPAC (INSO.) is modelled with the identical re-
trometer allowing aerosol type retrieval. The type of aerosolfr"’“?t've index as the mmer_al transported _component_ MITR,
is estimated as percentage contribution to AOD of represenf:Jm insoluble component with low absorption (INSL) is also
tative components from an extension of the OPAC (Optical'nCIUded' ) . . .

Parameters of Aerosols and Clouds, Hess et al., 1998) dataset | '€S€ basic components are externally mixed into 40 dif-
as described in Holzer-Popp et al. (2008). ferent aerosol types meant to cover a realistic range of at-

The SYNAER aerosol retrieval algorithm comprises of mospheric aero.sc_)l masses (see details in Holzer-Popp et_ al.,
two major parts: (1) A dark field method exploiting sin- 2008). For humidity dependent components two models with

gle wavelength radiometer reflectances (670 nm over Iand?O% and 80% relative humidity are included. I,n the case of
870 nm over ocean) and (2) a least square fit of visible tOIO_of_des;ert dust outbreaks, an elevated dust layer is added in the
atmosphere reflectance spectra at 10 wavelengths (415, 428€€ troposphere. _

460, 485, 500, 516, 523, 554, 615, and 675nm) with the SYNAER is applied to the radiometer AATSR and the
spectrometer. In the first step, AOD over automatically se-SPectrometer SCMMAC';\Z onboard ENVISAT resulting in
lected and characterized dark pixels is derived and subse® Pixel size of 60<30knt. The measurement is taken
quently a surface albedo correction at 550, 670, and 870 nrigl@ily at approximately 10:00local time. Global coverage is
is done with the radiometer. The knowledge of atmospher-2chieved every 12 days, but cloud cover above 50% also re-

ically corrected spectral surface albedo is further used fodUces the number of available retrievals. The number of ob-

a characterization of the surface type. This first step is re_servations in SYNAER version 1.8 allows the evaluation of

peated for 40 different pre-defined aerosol mixtures. Af- an assimilation scheme as presented in this study. Neverthe-
ter spatial integration of the results (40 AOD, 120 surface €SS, itis expected that an operational and sequential assimi-
reflectance values for 40 mixtures times 3 AATSR wave- [ation of SYNAER observations will only be meaningful for
lengths, 40 surface types) to the larger pixels of the spectromfUture METOP based SYNAER retrievals with a global cov-

eter (60x 30kn?), these parameters are used in the secon'@d€ every 1-2 days.
step to simulate 40 spectra for the same set of 40 differen
aerosol mixtures using the same radiative transfer code.
least square (LSQ) fit of measured reflectankgsasfor all

I wavelengths!(= 10) vs. simulated reflectancés for the

j —th aerosol mixture

2.1 SYNAER measurements

.2 The EURAD model

The European Air Pollution Dispersion Model (EURAD,
Ebel, 1989, 1997a, b; Memmesheimer et al., 2004; Built-
jes et al.,, 2003; Elbern et al., 2007) consists of several

10 2 coupled modules. Meteorological parameters are provided
LSQjZZ(sz,meas— Ry.j) (1) by the mesoscale model MM5 (Grell et al.,, 1994). The
=1 Modal Aerosol Dynamics model (MADE, Ackermann et al.,

provides the correct AOD value as the AOD for the selected1998) provides aerosol dynamics and chemistry. Secondary
aerosol mixture with a minimum LSQ and — if a unique- aerosols and their precursor substances are described in
ness test as described in Eq. (11) is passed — the plausibtee Secondary Organic Aerosol Module (SORGAM, Schell
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et al.,, 2001) and emissions are provided in the Eurad-size distributions’ moments represent the total particle num-
Emissions-Model (EEM, Memmesheimer et al., 1995) baseder and the aerosol particle volume. The size distribution
on existing databases. The National Center for Environmenwidth is kept constant during the model run, while the parti-
tal Protection Global Forecast System (NCEP-GFS) analy<cle mass and number concentration are changed by physical
ses are used as meteorological driver for initial and bound-and chemical processes. Within each mode the aerosol parti-
ary conditions. EURAD provides forecasts of the tempo- cles are modelled as an internal mixture.
ral and spatial distribution of atmospheric species both in Maritime and mineral aerosol components are not in-
the gas and in the particle phase. Explicitly modelled pro-cluded in the EURAD version used for this study. Tegen
cesses are horizontal and vertical advection, turbulent diffu-et al. (1994) report on a European seasonal mean modelled
sion, dry and wet deposition, sedimentation, coagulation indust AOD based on the NASA-GISS model below 0.05 for
and between nucleation and accumulation modes, condens#ie seasons September to November and December to Febru-
tion and nucleation of gas phase precursor substances, araty, while mean AOD increases in summer to values up to
particle emission. 0.1 for March to May and June to August. For sea salt Tegen
For this study EURAD is used on the European scale withet al. (1997) report an annual average AOD below 0.08 for
a horizontal grid box size of 56 km. EURAD can also be Europe. Generally, it has to be noted that dust events have
operated on horizontal resolutions ranging from the hemi-a typical duration of a few days, occur typically at 5-7%
spheric scale down to regional and urban scales with hori-of days in Europe and cause typical mean AOD values in
zontal grid box sizes down to 1 km. EURAD is operated with dust cases of up to 0.25 as identified by AERONET and li-
23 layers between the surface and 15 km height and providedar measurements (e.g. Meloni et al., 2007; Papayannis et
PM;o and PM s (particulate matter with particle diameter al., 2008). Individual dust outbreaks reach values between
less than 2.5 um) as standard output. The MADE module0.2 and 0.5 in Italy and Greece, while stations like Leipzig
internally provides mass concentrations of;S58H4, NOs, or Kuihlungsborn in Germany observe values up to 0.27 and
primary organic carbon, elemental carbon and anthropogeni€.13, respectively. A comparison against SYNAER obser-
primary fine mode particles both in the nucleation and accu-vations in the study period shows an underestimation of the
mulation mode. An additional anthropogenic aerosol clasgtotal aerosol optical depth betweer®.01 and—0.1 in 25%
is described in the coarse particle mode. The SORGAMof 24 747 coincidences over Europe, while an underestima-
module adds mass concentrations in the nucleation and adion between-0.1 and—0.2 is found in 7% of all cases and
cumulation mode for secondary organic species resultinga larger underestimation is found in 3% of all cases. It has to
from anthropogenic and biogenic aromates, alkanes, alkenebge noted that since the ASSET project — which provided the
a-pinene and d-limonene as precursor substances. model run used in this study in 2004 — the EURAD model has
Primary aerosol particle emissions are based on a Eubeen extended by an explicit dust modelling scheme follow-
ropean emission database developed by the Nederlandseg Nickovich et al. (2001) and a sea salt scheme following
Organisatie voor toegepaast-natuurwetenschappelijk ondeMonahan et al. (1986).
zoek (TNO, Berdowski et al., 1996) and updates within
the Co-ordinated European Programme on Particulate Mat2.3 AERONET ground measurements
ter Emission Inventories (available dtp://www.air.sk/tno/
cepmeip. This database provides emission data for carbo
monoxide, PMp and PM s particles based on the refer-
ence year 1995 in a horizontal resolution ok 0.5°. An-

rAERONET (AErosol RObotic NETworkjttp://aeronet.gsfc.
nasa.goyground-based sun photometer measurements (Hol-
ben et al., 1998) are used for AOD validations at 550 nm.

thropogenic sources as for example combustion in differenf°\ERONET is a global network with approx. 200 permanent
power plant types, several industrial production and combusStations, while this study is based on 47 stations providing

tion processes, use of petrol and diesel in motor vehicles, tir¥€rsion 2 datasets for Europe. Level 1.5 datasets include
automatic cloud detection, while level 2 datasets are addi-

abrasion, agricultural production, heating in private house-°
holds, and waste combustion are taken into account. Thdonally checked for cloud occurrence manually. AERONET

database relies on use and production statistics, populationtations at Erdemli (Turkey, close to mountains), Palaiseau

databases as well as on agricultural food production statistic@"d Fontainebleau (France, greater Paris area), Rome Tor
from a variety of international organisations. Additionally, Vergata (ltaly, next to a busy traffic crossing) and Hamburg

the EEM model uses population databases and a weekly an@ermany, close to the coastline) are explicitly excluded as

daily variation distinguishing between working and weekendthese stations are not representative for their surroundings on
day emission levels. a satellite pixel or grid box scale. The overall uncertainty

EURAD as a modal model describes aerosol particles a9’ AERONET AOD values in cloud-free conditions.01
separate log-normal size distributions in the nucleation, acfor wavelengths down to 440 nm asad.02 for shorter wave-

cumulation and coarse mode. Following Whitby et al. (1978)€ngths.
and Ackermann (1998) the partial differential equations are
solved for the integral moments as prognostic variables. The
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Table 1. Optical characteristics of basic components used for external mixing in SYNAER (Holzer-Popp et al., 2008).

component species complex mode radius  stand. dev. of literature

(rH =relative refract. index [um] size distribution  source

humidity) at 550 nm

WASO, sulfate/nitrate, water 1.530.0055i 0.028 2.24 Hess et al., 1998

rH=70% soluble

INSO insoluble particles, 1.530.008 i 0.471 251 Hess et al.,1998
absorption as MITR

INSL insoluble particles, 1.530.0019i 0471 2.51 Dubovik et al., 2002
low absorption

SSAM, sea salt, 1.490i 0.378 2.03 Hess et al., 1998

rH=70% accumulation mode

SSCM, sea salt, 1.490i 3.17 2.03 Hess et al., 1998

rH=70% coarse mode

BISO biomass burning soot  1.630.036 i 0.0118 2.0 Dubovik et al., 2002

DISO diesel soot 1.490.67i 0.0118 2.0 Schnaiter et al., 2003

MITR transported minerals, 1.530.0055i 0.5 2.2 Hess et al., 1998
high hematite content

MILO transported minerals, 1.530.0019i 0.5 2.2 Dubovik et al., 2002
low hematite

2.4 British Black Smoke and Sulphur Dioxide Network provide separate daily mean measurements af 8iBl4 and

NOj3 based on ion chromatography. These can be compared
The UK Black Smoke and Sulphur Dioxide Network (Loader with mass concentrations as modelled in EURAD. The un-
et al., 2003;http://www.airquality.co.uk measures both the certainty requirement is set at 10% or better (EMEP, 2001).
black smoke concentrations and the atmospherig &Div-
alent of all atmospheric acids as a daily mean at 137 stations
in the United Kingdom. Most stations are representing urbar3 The observation operator
background or suburban conditions, but there are also back- . . o L
ground stations available. A black smoke index is derived byS-1  Two-dimensional variational assimilation

a reflectometer measurement of a darkened filter after 24 yost data assimilation procedures are based on an optimisa-
exposition time. This is post processed to black smoke masg, strategy, employing a least square minimisation (e.g. Da-

concentrations following the “British Standard Smoke Cal- |6y 1991: Bouttier and Courtier, 1999) and solve the analysis
ibration Curve”. Mass concentrations of black smoke Canequations

be set equal to mass concentrations of elementary carbon as
organic carbon on the filter does not contribute to the black-x, =x, +K (yo —H xh)

ness of the filter. For typical mass concentrations in the UK, , , 1
an uncertainty of 30% is reported. K=BH (HBH +R> 2
2.5 EMEP network in order to provide a best linear and unbiased estimator

(BLUE). The model state for a specific time is given by the
The Co-operative Programme for Monitoring and Evaluationvectorx. The model background state, forecast or first guess
of the Long-range Transmission of Air pollutants in Europe field at the beginning of the assimilation process is given by
with its European Monitoring and Evaluation Programme x,, while x, represents the analysis field at the end of the
(EMEP, http://iwww.emep.inftfocuses on the chemical com- assimilation procedure. Observations are represented in the
position of gas, particle and liquid phases in the atmospherevector y,, while R describes the observation error covari-
48 countries are contributing with PiMand PMy s measure-  ance matrix. MatrixB is the background error covariance
ments. Overall, 16 in-situ stations in Hungary, Italy, Lithua- matrix. The observation operatbr maps the model state
nia, the Netherlands, Norway, Poland, Russia and Turkeynto observation space. Matri, the “Kalman gain matrix”,

www.atmos-chem-phys.net/10/10435/2010/ Atmos. Chem. Phys., 10, 102@&52-2010
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describes the weights attributed to the observation increment vertically integrated AOBso nmfor each of thejf SYNAER
given by (y,—Hx,). componentsx, cop, ;) following Table 2.
Generally in assimilation theory, the observation operator

. . . . . . kmax 00
H is non-linear. In our case the optimization is made with dNy i
respect of particle number and not with respect to the par¥X,,A0D,; = Z[CeXLk.i(Dk,iamk,i)md In Ddz(5)
ticle diameter distribution. Thereforé] becomes a linear =1 to

operator as the M_|e theory is applied. - .. The indexi represents a size mode contributing to one of
In order to achieve the BLUE characteristics an efﬂuentthej componentsk represents the index of a vertical layer

observation quality control is needed to exclude outliers (se . o ; ;
Sect. 3.3 1)qbothybackgroun d and observations shoul(d beCext qlescrlbes _the e_xtlnctlon cross section of a partl_cle as a
NS nction of particle diameteb and complex refractive index

I[?e from sys(tjemahc (_errgrs I((d|scus§,ed ('jn Sbects 3t'_3 andh5 fof , Ni..i denotes the total particle number in madend layer
Is case) and errors in backgroun and observations shou , While z represents height. Section 3.2 describes this step
be uncorrelated. The latter assumption is justified as th n more detail

Sﬁtelh'te Iotbservatl?ns grtlel'retrleved independently from the The extinction efficiencyQex is calculated using a fast
chemical transport modetiing. parameterisation of the Mie theory as suggested by Evans

Bt(;thdtV\(ljo-f.and thref;mm?;rs]lonal variational assimilation and Fournier (1990). This parameterisation combines both
methods define a cost functionas the Rayleigh approximation for small particles and the Van

1 T . _ . . . . ..
Jx)==> (x _xb) B 1(x _xh) de Hulst approxmaﬂqn .for !arge parﬂples with an'emp|r|cal
2 formula based on explicit Mie calculations. Following Evans
1 Th-1 and Fournier, the deviation from explicit Mie calculation is
+-=(y,—Hx,) R —Hx 3 P o
2 (% ) (% ) @) below 1% by variation of the real part of the refractive in-

The analysix, is a solution of the minimization problem for dex between 1.01 and 2.0 and the imaginary part between
J, where the analysis incremefitr,, is defined asx,—x, ). 0 and 10. The approximation deficiency can be neglected
Chemical transport models like EURAD provide mass compared to other uncertainties like in refractive indices in-
concentrations of a large number of aerosol classes or th&roduced by assumptions on the aerosol composition. The
particle diameter integrated Rlylmass parameter as a stan- parameterisation reduces the computational expenditure by
dard output. Having aerosol component resolving SYNAERapproximately a factor of 30 and allows the use of Mie the-

observations, the assimilation in RMspace would not use ory for an operational application.

this component-wise information. Rather, EURAD mass
concentrations are provided on 23 vertical layers and for 29(8) 2-D-Var minimization
internal aerosol classes, which is much more detailed infor-
mation than provided by the SYNAER total column AOD 0b- a 5_p.viar minimization and derivation of analysis incre-
servations provided for 9 dn_‘ferent components. Therefore,ments is applied for each SYNAER components.
assimilation of AOD space is chosen to reduce complexity

and computational time. As AOD observations are vertically A¥a,200 =K (yo —Hx,,mas$ Vcomponents (6)

integrated geophysical parameters, the three dimensions usgg s study, the 2-D-Var assimilation is done separately for
in 3-D-Var methods are reduced to two dimensions (2-D-Var)ihe water soluble component (WASO), the insoluble com-
only. _ _ ponent (sum of SYNAER INSO and INSL) and the soot

_ As a preprocessing step the separation of AQsonm  component (sum of SYNAER BISO and DISO). All com-

in the component-wise AOD of SYNAER basic components yonents are represented by two-dimensional aerosol optical
according to their percentage contributinin each aerosol  geptn fields. Later in operations this step will be conducted
mixture is needed (Table 1) also for the mineral component (sum of SYNAER MITR and
y;j = fjAODyotal550nm j = 1, number of components (4) MILO) and the sea salt component (sum of SYNAER SSAM

] o and SSCM) as the EURAD model has meanwhile been ex-
For the acceptance as spatio-temporal coincidences betwegg,jeq by a dust and sea salt module.

observations and local model states, ENVISAT observations The cost function is minimized using a L-BGFS (Limited

within a £2 h window around analysis time (in this study memory Broyden-Fletcher-Goldfarb-Shanno) quasi Newton
taken at 10 UTC) are taken into account. method, adopted from Liu and Nocedal (1989).

The following steps are needed in the assimilation proce-  gackground and observation error covariance matrices are
dure: initially set as diagonal with constant values of (0A&)r

observations and (0.3for the model background based on

(A) Observation operator H validation results as discussed in Sect. 3.3. A component-
Mapping of vertically resolved mass concentratiafsnass wise definition of covariance matrices is not possible due to
of all EURAD aerosol classes in all modes (model state) intothe lack of component-wise AOD ground measurements.
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Table 2. Mapping of EURAD aerosol classes to SYNAER aerosol components together with the refractive index chosen for EURAD

aerosol classes.

EURAD aerosol refractive index set

SYNAER aerosol

class for EURAD class component

sulphuric acid 1.443+i0.0 water soluble (WASO)
ammonium sulphate 1.53%i10~7 water soluble (WASO)
ammonium nitrate 1.53+i0.0 water soluble (WASO)
nitric acid 1.393+i0.0 water soluble (WASO)
water 1.333+i1.96¢ 1079

primary organic 1.43+i0.0 insoluble (INSO and INSL)

reaction products of aromatics 1.55+i0.0 water soluble (WASO)
reaction products of alkanes 1.43+i0.0 water soluble (WASO)
reaction products of alkenes 1.45+i0.0 water soluble (WASO)
reaction products af-pinen 1.55+i0.0 water soluble (WASO)
reaction products of limonen 1.55+i0.0 water soluble (WASO)
elementary carbon 1.75+i0.44 industrial soot (SOOT/DISO)
or biomass burning soot
(SOOT/BISO) depending on location
primary fine aerosol 1.53+i0.08 insoluble (INSO and INSL)
anthropogenic coarse mode 1.53+i0.08 insoluble (INSO and INSL)
maritime aerosol 1.5+% 1078 sea salt (SSAM and SSCM)
(in preparation)
mineral dust 1.53+i0.0055 transported mineral aerosol

(in preparation) (MITR and MILO)

Kokhanovsky et al. (2007) showed a 1% agreement of thgC) Adjoint observation operator
calibration among the ENVISAT instruments SCIAMACHY

and MERIS (Medium Resolution Imaging Spectrometer). to 4digint observation operator is used to transfer the new
Therefore, we assume that there is no gross calibration €hodel statexa aop from the SYNAER component AOD

ror affecting ,a” observatlops. Genfarally, gerosol remevalspace into the vertically resolved mass concentrations of EU-
schemes are ill-posed causing that pixel to pixel error correlapAD aerosol classes§ aop)

tions are negligible compared to other retrieval assumptions
applied in the surface reflectance estimation and the aerosol
model. Therefore and having in mind that this is a first as- T )
similation study, observations are assumed to be uncorrelateli-mass=H" ¥a.200 ¥ Mass concentrations @
to each other resulting in diagonal covariance matrices.

A diffusion approach described by Weaver and . ) . L
Courtier (2001) is applied to model the background er- It has to be noted that both vertical profile and size distribu-

ror covariance matrix using the implementation as described'pn. of.the EURAD aerosql field are not ch_anged by the as-
in Elbern et al. (2007). Isotropic horizontal diffusion coef- s_lmll_atlon as the observations do not prowd_e such informa-
ficients are used. Influence radii of the horizontal diffusion tion independent from any further assumptions. Therefore,

between 0.1 and 3 grid boxes around the observation’s gric?1 factorg based on the analysis increment in each aerosol

box (corresponding to values between 5 and 170 km with Lcomponentj can be linearly applied to mass concentrations

grid box size of 56 km) were tested following Anderson et of a".l aerosol siz€ modes mapped to an.aerosol compo-
al. (2003) who found a spatial AOD correlation length below nent; (Table 2) in each vertical I.ayer. This changes the
200 km in ground, aircraft and space-based measurementg.verall amount of mass congentratlons, _but_kee_ps the vertical
Finally, the influence radius is set to 1.0 grid boxes (56 km)structure (_)f t_he aerosol profile and the distribution of aerosol
which is also in the range of the longer side of a SYNAER classes within a component constant.
pixel (60 km).
mki,analysiF gjmki,background
AODj,analysis

8j=
AODj,background

®)
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3.2 Mapping of aerosol models between observation etal., 2001; Pio et al., 2001;dRrl et al., 2001; Saxena et al.,
and model spaces 1995; Tsapakis et al., 2002; Wang et al., 2002; Yu, 2000).
Reaction products of alkenes are typically aldehydes and wa-
Mie theory is already used in the SYNAER retrieval to de- ter soluble organic acids (e.g. Forstner et al., 1997; Lang
scribe optical properties of aerosols. Therefore Hnepera- et al., 2002; Tsapakis et al., 2002), which have also been
tor also applies Mie theory to transform mass concentrationgound as reaction products frompinene (e.g. Kavouras et
of the EURAD model aerosol classes into aerosol opticalal., 1998; Pio et al., 2001; Warscheid and Hoffmann, 2001)
depth. Both size distribution and complex refractive index and limonene (Koch et al., 2000). Overall, it is found that
have to be defined for each EURAD aerosol class as a preregaromatic substances typically have a real part of the refrac-
uisite for the derivation of extinction coefficientsx:in each  tive index between 1.5 and 1.6 with an average value of 1.55,
model grid box. AOD is finally derived as the vertical inte- while organic substances with linear carbon chains show val-
gral of Bex, assuming a maximum elevation of the aerosol yes between 1.37 and 1.48, with an average value of 1.43
layer up to 6 km as stratospheric aerosols are not treated ifSchroedter-Homscheidt, 2009). Organic species are gener-
this study. ally identified as non-absorbing. The EURAD classes “pri-
EURAD aerosol classes as described in Sect. 2 have to bmary fine aerosol” and “anthropogenic coarse aerosol” are
mapped on SYNAER components. For the inorganic aerosohot further described and mapped to the SYNAER insoluble
classes it is known how sulphuric acid, ammonium sulphate component based on the OPAC description.
ammonium nitrate and nitric acid with a known refractive  qyera) Table 2 gives an overview on the mapping of

index are created in an aqueous solution (Binkowski, 1999)£yRAD aerosol classes on SYNAER components together
Further, there are also measurements of the refractive inde¥;ith the refractive index values chosen. This mapping is
of elemental carbon available (Schnaiter etal., 2003).  paseqd on the description of aerosol species as given in the
Far more complicated is the attribution of refractive in- opac database (Hess et al., 1998), the description as given
dices to those classes which consist of many and even partly, MADE and SORGAM (Ackermann, 1995; Schell, 2001)
unknown chemical species. This applies to the primary or-measurements of water solubility, chemical composition, and
ganic carbon particles, the anthropogenic primary particleshe description of size distributions as given both in EURAD

class, and secondary organic species resulting from aromal,q SyNAER, and finally, the refractive index identified for
ics, alkanes, alkenes;-pinene and d-limonene as precur- 4 classes based on a literature overview.

sor gas phase substances, where a mass production rate pe . .
gas p P P LI'he EURAD aerosol model assumes an internal mixture

recursor mass is used in EURAD (Schell et al., 2001). . . N
1p'herltjafore a IiterlatL:jre StLIde has bee(n performed to ide)nywthm each mode. Therefore, the refractive index for a EU-

tify dominating chemical substances observed in in-situ meaRAD particle is calculated as a volume weighted mean of

surement campaigns and to identify appropriate refractive inJefractive indices of all classes contributing in a size mode

dex values from chemical parameter databases (Schroedte@UImette and Flagan, 1982).

Homscheidt, 2009). Both EURAD and SYNAER describe the aerosol size dis-
A sensitivity study based on explicit Mie calculations in tribution in a modal log-normal structure. EURAD size dis-
Schroedter-Homscheidt (2009) shows that the real part of thé&ributions in the nucleation, accumulation and coarse mode
refractive index needs to be known with an accuracy of 0.1are defined with initial mean diameters of 0.01, 0.07 and

or better to achieve an AOD uncertainty below 0.1, which 1 Hm, respectively. The mean diamef&y, is changing dur-
is a reasonable threshold accuracy of satellite-based AOMg the model run, e.g. due to coagulation or sedimentation,

should be known with an accuracy of 0.03. and 2.2 um, respectively. On the other hand, SYNAER fol-

nals, alkanols, fatty acids, fatty alcohols and dicarboxylicfor each component (see Table 1). The size distribution is
acids (Alves et al., 2001; Hahn et al., 1980; Kavaouras epnly implicitly retrieved through the aerosol mixture chosen
al., 1999: Kendall et al., 2001; Kubatova et al., 2000; Lim- in the SYNAER procedure. Therefore, changes in the model
beck et al., 1999: Pio et al., 2001: Saxena et al., 1995: Yassazate's size distributions by the SYNAER assimilation are not
et al., 2001) which are typically water insoluble due to their @ objective of the method proposed as it would go beyond
long carbon chains. Reaction products of aromatics are typthe SYNAER limitations.

ically dicarboxylic acids or substances built by several ben- Model state and observations generally do have different
zene rings (e.g. Hahn et al., 1980; Kawamura et al., 1999size distributions which affect the aerosol optical depth cal-
Koch et al., 2000; Seinfeld and Pandis, 1998; Warscheidculated from the model state. Sensitivity analysis shows that
and Hoffmann, 2001). These are found to be water insol-the extinction coefficient at 550 nm can vary between 0.25
uble as well. Reaction products of alkanes are dominatecind 1.5knt! for e.g. water insoluble aerosols, if the size
by water soluble dicarboxylic acids with short carbon chainsdistribution diameter is varied between 0.1 and 1 um while
(e.g. Kawamura et al., 1999; Kerminen et al., 2000; Krivacsythe number of particles and aerosol mass are kept constant.
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On the one hand, this calls for the use of a SYNAER equiv-the study period was conducted. The AERONET coinci-
alent size distribution in the Mie parameterisation, which dences show a mean AOD value of 0.24. Without any
is calculated from the EURAD size distribution assuming a further quality control of SYNAER observations, an AOD
constant aerosol mass. Therefore, the 3rd moments of bothias of —0.06 representing an underestimation compared to
log-normal size distributions AERONET and a RMSE of 0.17 is found for Europe. For
all regions (Europe, Africa and Southern America) the bias
is found to be—0.08 with a RMSE of 0.27. This data set is
further analysed to develop an automatic quality control.

The automatic quality control relies on the following con-
are set equal and the equation is solved for the particle numsiderations:
ber Nsynaer of “equivalent SYNAER particles”.

2
M;=ND! exp( In om> for =3 9)

2
NeurapD3 EURADGXP[ (INoy,EURAD) ]

NSYNAER = (10)

3 2
Dy sYNAEReXP[ (INGym, sYNAER) ]

On the other hand, this sensitivity shows that observations
with a large disagreement in their size distribution vs. the
current model state should be excluded in a pre-processing
step as those might introduce the risk of violating the linear
approximation assumed in Eq. (1). This should be assessed

again in future once large particles in the mineral and/or sea 4.

salt components will be assimilated into a EURAD system.
For this case study it has been found that 35% of AOD
based on the EURAD size distribution show less than a dif-
ference of 0.01 compared to the AOD based on the SYNAER
equivalent size distribution; 82% are within a 0.05 difference
and 96% show a difference below 0.1. Compared to today’s
root mean square error (RMSE) target accuracies of 0.1 for
satellite observations, this effect has been neglected in this
study. It should be noted, that this effect cannot be neglected

in general, but should be assessed on a case by case basisin a

pre-processing and quality control step in a later operational
assimilation scheme.

3.3 Covariance matrices for model background
and observations

A definition of both the background and observation error
covariance matrix is needed to evaluate the use of the ob-
servation operator developed in this study and described be-
low. In both cases it is derived by comparing to ground-based
AERONET measurements.

3.3.1 Observation error quantification

A quality control procedure for observations is requested to
eliminate outliers. As for all least square based data assimi-
lation algorithms, Eq. (2) implies the assumption that errors
both in observations and model background follow a Gaus-

1. Large solar zenith angles above® & e excluded due to

a low signal-to-noise ratio.

. SYNAER is only applied to SCIAMACHY pixels with

cloud coverage below 50%. Below this threshold
a dependence of deviations between SYNAER and
AERONET on cloud cover cannot be found.

3. High values of ground albedo also reduce the signal-to-

noise ratio.

The SYNAER retrieval includes 40 different aerosol
mixtures, which cannot fully be separated from each
other according to an information content analysis
(Holzer-Popp et al., 2008). SYNAER defines the am-
biguity errorE,, as

(AOD; AODQ

(11)

)y

for all p (p > 1) undistinguishable aerosol mixtures.
Undistinguishable mixtures are defined as those, where
the least square fit of the j-th aerosol mixture are closer
to the least square fit of the retrieved aerosol mixture
than these are different from the satellite measured re-
flectances at all wavelengthsi(= 10)

10 10

Z (Rlz,j - RM,k) 2 < Z (Rxl,meas— Rkl,k) 2

=1 =1

(12)

The fit errorE ¢ on the basis of all reflectancésat the
10 wavelengths,; serves to control retrieval fit quality
and is defined in SYNAER as

10

Ef = Z (RA,,meas— Rkl,k) 2
=1

(13)

sian distribution assuming a negligible probability for large Comparisons against AERONET observations show that
outliers. Frequent outliers in the observation dataset wouldarge SYNAER overestimations occur if the ambiguity error
violate this assumption. E,, > 0.1 is combined with a land surface albedo above 15%.
A validation of SYNAER-ENVISAT (version 1.8) by Additionally, large underestimations are found fo; > 0.05
AERONET ground measurements (version 2, level 1.5) forfor water pixels with a surface albedo above 5%. Finally, pix-
334 overpasses over Europe, Africa and South America foels with E ; > 0.025 are also excluded to eliminate outliers.
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Using these quality control criteria, the bias for all re- ber, respectively. The large underestimation in July and Au-
gions (Europe, Africa and Southern America) remains thegust is probably caused by dust outbreak events from Sahara
same at-0.08, but the standard deviatioByNAER—AERONET (Breitkreuz et al., 2009), which have not been modelled ex-
is reduced from 0.26 to 0.1. The RMSE decreases fronplicitly in the EURAD version used. Also, the extraordinary
0.27 to 0.12 and the correlation coefficient increases signifi-hot summer in 2003 may have caused less vegetation cover
cantly from 0.3 to 0.73. The number of coincidences in theand increased erosion on agricultural land which is not taken
validation study is reduced by 24% to 105 pixels. into account in the static aerosol emission databases.

Due to the limited number of available validation pixels,a  The background validation indicates a remarkable bias
regional variability inR is not assumed in this study. Using which might be judged as not suitable for data assimila-
this quality control procedure as pre-processing and assuntion purposes. However, in the meanwhile a dust model has
ing a diagonal structure representing uncorrelated observabeen included in EURAD and it is expected that the overall
tions, the observation error covariance mafixs set to a  bias will be reduced in a foreseen operational assimilation
constant diagonal element value of (04®)king the RMSE  scheme. Additionally, it has to be taken into account that the
as a standard deviation. EURAD model provides a physically and chemically consis-

Compared to the 0.1 target accuracy of nowadays sateltent distribution between particle types which is of value in
lite retrieval scheme the bias is rather small and therefore neitself. A sustainable bias correction scheme could not be de-
glected here evenif it is close to the standard deviation foundveloped in this study as the bias is highly variable in space
It should be noted that a recent validation of SYNAER ver- and time and not known yet due to the restricted data avail-
sion 2.2 observations has shown a reduced bias@D1  ability of only 5 months. Therefore, it was decided to ap-
(instead of—0.08 for the SYNAER version 1.8 used in this ply the data assimilation as a correction mechanism without
study) and an improved standard deviation of 0.08 (Holzer-claiming a BLUE analysis. On the other hand, this study
Popp et al., 2008). Additionally, it is assumed that the errordeals mainly with the observation operator and a first as-
in AERONET is negligible compared to the bias found for sessment of the value of the assimilation of aerosol compo-

SYNAER. nent resolving observations into a CTM by assessing analysis
fields vs. ground measurements. Therefore, an assimilation
3.3.2 Background error quantification experiment is needed as part of the study and for this purpose,

o an increase of the diagonal element in the initial background
A validation of the model state at 10:00 UTC vs. AERONET error covariance matrix above the squared standard deviation
ground measurements (version 2, level 2) is conducted fofound in the validation was chosen as a first step and its value

the study period, revealing a total of 2268 coincidencesis set to (0.3). This reduces the weight of the model state in
with AERONET measurements available between 9:00 andhe assimilation, reflecting implicitly the bias problem found

11:00 UTC with an observation mean value of 0.22. In casefor this study data set.
of several AERONET measurements within this time pe-
riod, the closest measurement has been chosen. It has to
be noted, that AERONET provides ground measurements} Validation of resulting analysis fields
only in cloud-free situations. Overall, an underestimation
of —0.15 and a standard deviatieayrap_aeroneT= 0.17 In the following sections, reports on validation studies ei-
is found for the EURAD model. Especially AOD above ther of AOD or particle mass concentrations in the analysis
0.1 are underestimated. This agrees with other studiesare given. Due to the low repetition frequency of ENVISAT
finding PMyo and PM s underestimated for Europe in air (12 days with cloud-free conditions and less due to clouds)
quality models for example Sartelet et al. (2007) for the and the restricted number of available observations an over-
POLYPHEMUS model or Vautard et al. (2007) for the mod- all impact of the assimilation can hardly be seen. Assessing
els CHIMERE, EMEP, LOTOS (Long-Term Ozone Simu- spatial impact distributions based on ENVISAT observations
lation model), REM-CALGRID (Regional Eulerian Model- would result merely in a mapping of satellite tracks rather
California Grid), OFIS (Ozone Fine Structure Model) and than resulting in physically meaningful spatial patterns. It
CAMx (Comprehensive Air Quality Model). The EURAD has to be noted that a future METOP assimilation will rely
underestimation occurs at all European AERONET stationgon a significantly larger number of observations.
and reaches its largest values with a bias of up-@025 in Therefore, further validation is performed only in the
Italy and Turkey. vicinity of existing SYNAER observations which might
A separate monthly analysis reveals strong underestimaeause any positive or negative impact. Only grid boxes hav-
tion in July and August by-0.17 and—0.21, respectively. ing a non-zero analysis increment are taken into account.
In contrast, the bias is reduced 0.1 in September and Non-zero analysis increment grid boxes occur due to a finite
October and te-0.08 in November 2003. The standard de- number of diffusion time steps. This criterion excludes sit-
viation ceyraD-AERONET ShOws no clear seasonality with uations where background and observations agree fully, but
0.17,0.17,0.13, 0.21 and 0.15 for the months July to Novem+his occurs only in 0.04% of all cases. This is also justified
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as these cases would not contribute to any impactontheas  _ 2003n=53 i
similation result. : - .
osf / ] osf /

4.1 Total aerosol optical depth e / .. /

p p g’ 06F . / q % 0.6 . /
The comparison of analysed AOD fields vs. AERONET £ osf - 7 Sodf .
ground measurements reveals 189 coincidences for the whol& wab ° S 12 o
study period in Europe with a non-zero analysis increment. /@‘é};ﬁ,ﬁ, Lt F
The validation shows a slight reduction of bias between the oo 0z o+ o5 o5 10 00 0z o0i 05 05 10
background and analysis fields fron0.14 to—0.12 while AERONET A0 AERONETAGD
the standard deviation,—aeroneT remains at 0.16. F 1. Comparison of background field AOD vs.

. L ig.
Requiring an ar_‘a'YS'S Increment Iza.trger than 0.05 redu?eiERONET ground measurements (left) and of analysed field
the number of coincidences to 53 with a mean observatiolop vs. AERONET (right) for 53 coincidences with a minimum

AOD of 0.24, but shows also a significant improvement of analysis increment of 0.05 during the study period July—November
the overall bias from-0.15 to 0.07 and a reduction in RMSE 2003 in Europe.

from 0.25 to 0.2 (Fig. 1). The overall standard deviation re-
duces only slightly from 0.2 to 0.19. The RMSE is signifi- 50
cantly reduced at IMC-Oristano (0.5 to 0.22), El Arenosillo 45
(0.23 to 0.15), Oostende (0.3 to 0.23), Dunkerque (0.19to 4
0.13) and Forth Crete (0.11 to 0.05). Also, Lampedusa,
Evora and Venice are slightly improved. Only at Toulouse
and ISDGMCNR the RMSE is slightly increased by 0.03.
IMC-Oristano, El Arenosillo, Forth Crete, Lampedusa and
Venice have been shown to be affected by dust outbreaks
in this period (Breitkreuz et al., 2009). This motivates the

validation of specific dust outbreak situations as given in : . mﬁ[i’[hﬂ[m [IL7|J7|7__J__7_l_7_7_m

Sect. 4.5. 25 20 45 -0 5 0 5 0 15 20 25
BC EURAD - ground [ pg/m3]

D background

. analysis

35
30
25
20
15
10

number distribution

4.2 Soot mass concentrations
Fig. 2. Number distribution of differences BG, ground and

There is no Europe-wide ground measurement network foBCx_a—groundfor 231 coincidences in the United Kingdom within
mass concentrations of elementary and organic carbon availltly to November 2003 for both the background (blue) and the anal-
able. National standards cannot be easily compared to eadfs's (Purple) field.
other (EMEP, 2007) or the density of ground stations is small.
However, in the United Kingdom the Black Smoke and Sul- the edge of cloud fields or in areas with small scale clouds.
phur Dioxide Network provides a rather dense network with Therefore, it is assumed that errors in cloud detection and
137 stations using a single measurement standard. clearing in the satellite observations cause an overestima-
The sum of elementary and organic carbon as modelled irion in AOD and therefore in the analysis field. Unfortu-
EURAD for 10 UTC is compared with the daily mean black nately, these cases show no remarkable patterns either in
carbon (BC) ground measurements. The difference of dailycloud cover, ambiguity error Eq. (11) or fit error Eq. (13),
mean measurements and instantaneous model results is nehich would allow an automatic exclusion.
glected. This is justified as the chosen ground stations are After manual exclusion of these outliers, the overall bias
located in background conditions without a systematic intra-in the BC mass concentration is reduced frer3.63 to
day variation as typically found in the vicinity of emission —2.73 ug/ni together with a reduction in standard deviation
sources. Nevertheless, a possible additional gradient due tivom 3.25 to 3.08 ug/hand a RMSE reduction from 4.87
large scale meteorological conditions is neglected and conto 4.12 ug/m. Ground measurements show a mean value of
tributes to the scatter observed. 4.98 pg/nd for these cases. It has to be noted that this im-
Overall, 231 coincidences with an analysis incrementprovement is in the range of the uncertainty of the ground
above 0.001 in soot AOD can be found in the study pe-measurement network which is given as 30%. On the other
riod. The assimilation causes a bias reduction fro8166 hand, a significance test rejects the zero hypothesis, that anal-
to —1.38 ug/m, but increases the standard deviation from ysis and background field are originating from the same basic
3.22 to 5.37 pg/mh(Fig. 2). Single coincidences show over- population with a significance level below 1%. Therefore, a
estimations up to 22 pgfrafter the assimilation. positive impact of the assimilation of SYNAER observations
All outliers with differences B¢ a—BCqround> 5 ug/m” on the SOOT component can be stated, together with a strong
are evaluated separately using 300m spatially resolvinggmphasis on the need of strict cloud clearing in SYNAER
MODIS colour composites. All these differences occur at observations.

www.atmos-chem-phys.net/10/10435/2010/ Atmos. Chem. Phys., 10, 102522010



10446 M. Schroedter-Homscheidt et al.: Observation operator for the assimilation of aerosol type

The scatter remains rather large compared to the grounc 2s
measurement uncertainty. On the other hand, a case study o
15 September 2003 for 3 carbon measuring ground stations % [ background
in the bay of Gibraltar (Algeciras, La Linea, and Los Barrios) Wlanaysis
within the COST 633 campaign data base of the European *
Commission shows the typical variability within a EURAD
grid box: The SYNAER assimilation raises the value for the
grid box from 0.4 pug/rh in the background to 4.13 pgAin 5
the analysis which is a positive impact if compared to the
3.1 ug/n?mean of the 3 stations. On the other hand, the com- o o . . s o s
parison with each single measurement results in a mismatct EURAD - ground, N+ mass concentration [ ug/m?]
from —20% underestimation up to 120% overestimation in
the analysis field illustrating the intra-grid box variability and Fig. 3. Number distribution of differences in nitrogen and sulphur
explaining the scatter in validation studies using grid boxesmass concentrations for 81 coincidences with EMEP stations in
or satellite pixels vs. in situ measurements. 8 European countries within July to November 2003 for both the

background (blue) and the analysis (purple) field.

10

number distribution

4.3 Water soluble mass concentrations

A further study focus is placed on the validation of itive OmF values in the Mediterranean area. Also, the wa-
mass concentrations of the water soluble aerosol compoter soluble component shows OmF up to 0.4 over the Iberian
nent vs. EMEP mass concentration measurements af SO Peninsula due to the incomplete burning of wild fires. The as-
NH4 und NG;. EURAD mass concentrations are converted similation includes these observations successfully, showing
to pug S/nf and pg N/md as provided by the EMEP network differences between the SOOT observations and the analysis
based on the molar masses of EURAD aerosol species. Ffield (OmA) close to zero.

nally, the sum of sulphur and nitrogen is compared as the The validation of analysed total AOD by AERONET
assimilation is performed for the integrated WASO aerosolground measurements for all European stations in Au-
component and does not distinguish further between wategust 2003 shows an improvement by assimilation. If all coin-
soluble aerosol species. EMEP stations provide also dailyjdences with an analysis increment larger than 0.05 in AOD
mean values typical for background conditions, which aregre taken into account, the bias because of underestimation is
compared with 10:00 UTC EURAD background and anal- reduced from-0.29 to—0.13, while RMSE is reduced from
ysis fields. The implications of this assumption have beeng 35 to 0.26, and the standard deviatiQRaLysis_AERONET
already discussed in Sect. 4.2. remains nearly constant (0.21 to 0.22). The AERONET mean
Overall, 81 coincidences with an analysis increment aboveanOD value for these cases is 0.36. Unfortunately, there
0.01 in AOD at 16 stations in Hungary, Italy, Lithuania, are no soot mass concentration ground measurements in the
the Netherlands, Norway, Poland, Russia and Turkey can bgicinity of ENVISAT overpasses available in August 2003
found for the period July to November 2003. This bias is for any independent quantitative evaluation.
reduced from 2.11 to 1.38 ug (S + N)Imthe standard de-
viation is decreased from 3.7 to 3.43(S+N§j/rand the
RMSE from 4.27 to 3.7 (S+N)/f(Fig. 3) showing also
a positive impact of the assimilation for the water solu-
ble component. It has to be noted that this result was deCase studies of dust outbreaks are selected based on
rived for ground stations representative for background conMODIS colour composites hftp://modis-atmos.gsfc.nasa.
ditions with a mean value of 2.14 ug (S +Nffrand a max-  gov/IMAGES/index.htm). A number of 29 days with an
imum value of 8.67 ug(S+N)/f A validation for non-  ENVISAT overpass in a region with a dust outbreak event
background conditions cannot be provided on that basis. is selected visually. Overall, 10 coincidences between
AERONET ground measurements and corresponding EU-
4.4 Soot aerosol optical depth RAD simulation with an analysis increment above 0.05 in
AOD can be found. These cases include the stations El
In August 2003 an intensive wild fire and biomass burning Arenosillo (2 days), Etna, Forth Crete, Lampedusa (3 days),
period affected Portugal and Southern Spain. Observationsecce, and IMC-Oristano.
show high soot-induced AOD levels, which are not modelled Observed and simulated total AOD values are compared
in the EURAD background field. Figure 4 shows differencesin these cases at locations, where total AOD is dominated by
of soot observations vs. the model background (“observadust events. Therefore, we assume that the results charac-
tions minus forecast”, OmF) of up to 0.15 (left panel) on the terize the assimilation impact for dust cases. AOD bias is
Iberian Peninsula due to these wild fires and additional posfeduced from—0.26 to—0.07 and RMSE is decreased from

4.5 Mineral dust aerosol optical depth
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OmF SOOT AOD OmA SOOT AOD no. of observations
August 2003

Fig. 4. Map of SOOT component differences for observations minus forecast (left), observations minus analysis (middle) and number of
observations used for each EURAD grid box in August 2003 (right). The wild fire induced signal in the observations is visible over the
Iberian Peninsula and North of Algeria (yellow and orange color) and disappears in the analysis field (green colors indicating OmF and OmA
around zero).

1 5 Discussion and conclusions

0.9
[ background An observation operator for a variational 2-D-Var assimila-
[l analysis tion approach using satellite-based SYNAER aerosol compo-
07 nent observations and the EURAD chemical transport model
has been developed. The study is motivated by an expected
. positive impact of data assimilation of satellite observations
o8 4 for dynamic aerosol sources like dust outbreaks, fires, vege-
04 tation and changing human activities.

Up to now most studies dealt with RiMor total aerosol

= optical depth, while the component-wise and separate assim-
02 - ilation of aerosol observations like the SYNAER water solu-
| ¥ -" - ble, insoluble, soot, mineral or sea salt components is a novel
.5 o o . approach. MODIS based fine and coarse mode observations
O 01 02 03 04 05 06 07 08 09 1 might be another option in the future, but are still under sci-

AERONET AOD entific discussion (Levy et al., 2010).

The observation operator couples the chemical aerosol
edescription in the EURAD model with the optical aerosol
description used as a basis in SYNAER satellite observa-
tions. Therefore, an update of refractive indices, the han-
dling of different size distributions in observations and back-

) ] ground fields, and a fast parameterisation of Mie theory are
0.38 to 0.21 (Fig. 5) while the AERONET AOD shows & compined. A literature review results in an organic aerosol
mean value of 0.38 in these cases. species database describing primary organic matter mainly

It has to be noted that this positive impact is only at- as consisting of typically water insoluble alkanes, alkanals,
tributed to the increased value of the WASO component ob-alkanols, fatty acids, fatty alcohols and dicarboxylic acids.
servation in dust cases as there is no explicit assimilation oReaction products of aromatics are typically water insol-
the SYNAER mineral component observation performed inuble dicarboxylic acids, while reaction products of alka-
this study. This is due to the missing dust module in thenes are dominated by water soluble dicarboxylic acids with
EURAD version used. But as SYNAER includes a 25% short carbon chains. Reaction products of alkenes are typi-
WASO background in all aerosol mixtures, a large signal incally aldehydes and water soluble organic acids, which have
the mineral component is always accompanied by a largealso been identified as reaction products fr@fpinene and
signal in WASO which shows its positive impact in terms of limonene. Overall, it is found that aromatic substances typ-
total AOD. ically have a real part of the refractive index between 1.5

0.8

0.6

AOD

03 -

Fig. 5. Background (blue) and analysis (purple) field AOD vs.
AERONET AOD measurements for 10 dust outbreak cases in th
July to November 2003 period.
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and 1.6 with an average value of 1.55, while organic sub-comparisons are made only in the vicinity of observations,
stances with linear carbon chains show values between 1.3%hich is classified by an analysis increment above zero.
and 1.48, with an average value of 1.43. All organic species A positive impact of SYNAER observations on modelled
in this database can be treated as non-absorbing. AOD can be observed for nearly all European stations, with

A best linear and unbiased estimator (BLUE) assimila- SPecial effect by Mediterranean stations. Additionally, a pos-
tion approach is chosen, which requests an automatic quaftive impact of the component-wise available SYNAER ob-
ity control for SYNAER observations to exclude outliers. Servations on modelled mass concentrations of water solu-
The approach presented is based only on implicit parameter8le and carbonaceous aerosol components is shown, together
available from the satellite retrieval itself. with a positive impact on AOD in dust outbreak cases. For
a wild fire episode in Portugal a positive OmF can be found

For all validation results a scale effect should be taken into.ndicating a positive impact also for fire events which is con-
account. Holzer-Popp et al. (2008) showed that a noise Otirmed through AOD validation by AERONET,

0.05 in AOD can be expected if a SYNAER pixel or an EU- it has b h that th ¢ i in all |
RAD grid box is compared against an AERONET point mea- as been shown that the systematic error in all aéroso
components can be significantly reduced by the assimilation,

surement. ; ; X
o ) while the scatter remains nearly unchanged. The latter find-
A validation of AOD background EURAD fields and g js not surprising as it represents the error in time and
SYNAER observations vs. AERONET ground measure-gnace caused by the comparison of 56 km sized grid boxes
ments is performed to define background and observatioRs hoint ground measurements. A case study of 3 stations
error matrices as a prerequisite for the derivation of analy-ithin a grid box in Spain shows that the differences be-
sis fields by a 2-D-Var procedure. This validation shows thatyyeen analysis field in the grid box and the individual station
both the background and the observations are affected by sigs,, range from-20% underestimation to +120% overesti-
nificant biases which are a risk in terms of the validity of the 540
BLUE approach. Itis known that currently most chemical Overall, the foundation for the operational use of METOP

transport models show a similar bias which has not been furgyNAER observations with a largely extended temporal and

ther defined yet and is therefore not removable by any sogy i coverage has been laid within this study. Based on

phisticated bias correction scheme. On the other hand receff, or ime periods and more observations as available from
validation Of_ SYNAER Version 2.2 observations has ShownMETOP, an extended error covariance matrix definition is
a reQuced bla; 0#_0'01 (instead of—Q.OS for the SYNAER . ongoing (Holzer-Popp et al., 2008; Martynenko et al., 2009)
version used in this study) and an improved standard deviaas g fyrther step towards an operational sequential assimi-

tion of 0.08 which is promising for the future (Holzer-Popp |50 of SYNAER component AOD observations into the
etal., 2008). Therefore, itis decided to use SYNAER obser-eyrap model. Additionally, an assessment of spatial pat-
vations in an assimilation approach to correct the backgrouncﬂerns of analysis increments based on the improved METOP
state, but without claiming a BLUE analysis. The improve- coverage is foreseen.

ment gained through this approach is shown by an assess- The estimation of SYNAER equivalent size distributions
ment of the analysis. Additionally, the EURAD model is 35 given in Eq. (10) for the EURAD background becomes
currently being enhanced by including additional processesinreliable if the mode diameter between the two distribu-
like secondary organics and wind-blown dust into the aerosotions differs largely. In case of a future direct assimilation of
mechanism. For a future operational application of the studymineral dust observations this has to be taken into account
results, a background bias correction scheme needs to be dgnd such cases should be excluded in a pre-processing step.
veloped to ensure the BLUE. It could either be based on an

assessment of a long-term dataset or on a continuous bias

monitoring scheme as applied e.g. in Dee et al. (1998). ItAcknowledgements{.)ur thanks for the provision of ground
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