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Abstract. We present a global aerosol assimilation systeml Introduction
based on an Ensemble Kalman filter, which we believe leads
to a significant improvement in aerosol fields. The ensem-Although climate change is driven by greenhouse gases,
ble allows realistic, spatially and temporally variable model gerosols are actually considered the major unknown contrib-
covariances (unlike other assimilation schemes). As the angtor to the atmospheric radiative balance. This is a con-
alyzed variables are mixing ratios (prognostic variables ofsequence of both poorly constrained global aerosol distri-
the aerosol transport model), there is no need for the extrgutions, as well as poorly understood cloud-aerosol inter-
assumptions required by previous assimilation schemes angctions. AeroComTextor et al, 2006, a major effort to
lyzing aerosol optical thickness (AQOT). compare aerosol global models, found that the difference be-
We describe the implementation of this assimilation sys-tween models can be larger than the difference between a
tem and in particular the construction of the ensemble. Thisnodel and the observations. In particular, it has become
ensemble should represent our estimate of current model urtiear that aerosol modelling suffers from both poorly known
certainties. Consequently, we construct the ensemble aroungoundary conditions (emission scenarios) and poorly known
randomly modified emission scenarios. parametrisations for various aerosol proces¥estor et al,
The system is tested with AERONET observations of 2007). While aerosol models have rapidly increased in com-
AOT and Angstom exponent (AE). Particular care is taken plexity and continue to be be further develop&hén and
in prescribing the observational errors. The assimilatedSchwartz2007), there is an immediate need for dealing with

fields (AOT and AE) are validated through independentyarious aerosol model errors, due to an increased demand for
AERONET, SKYNET and MODIS Aqua observations. We reliable global aerosol fields.

show that, in general, assimilation of AOT observations leads asijde from further improvements in aerosol modelling,
to improved modelling of global AOT, while assimilation of 56r050] simulation may benefit greatly from successful as-
AE only improves modelling when the AOT is high. similation of observations. First, it would improve aerosol
predictions, second it would provide a consistent frame-
work for assessing various model error sources. In principle,
aerosol assimilation allows one to treat various parameters in
a model as free parameters and provides a technique to fit
those free parameters to available observations.

In an assimilation system, model results and observations
are combined to arrive at a weighted average which is closer
to the truth than the model results by themselves. Successful

Correspondence td\. A. J. Schutgens  assimilation requires a solution to two fundamental issues: 1)
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Published by Copernicus Publications on behalf of the European Geosciences Union.


http://creativecommons.org/licenses/by/3.0/

2562 N. A. J. Schutgens et al.: Global assimilation of AERONET observations

information from localized observations into the model grid.  In data assimilation, Ensemble Kalman filters are a new
Both of these issues may be addressed through the modelevelopmentEvensen1994). In an ensemble Kalman fil-
prediction error covariance, a matrix that descibes the coter, an ensemble of model simulations is used to represent
variances among model variables due to variations in modethe model prediction error covariance. This allows for real-
parameters. Assimilation systems often differ fundamentallyistic, spatially and temporally varying covariances to propa-
in how they construct this covariant matrix. But once it has gate the observed information in the model grid. Although
been constructed, comparison of the model prediction errodD-var schemes can in principle also represent spatially and
covariance to the errors in the assimilated observations altemporally varying model covariances, CPU and memory re-
lows the solution of the above-mentioned issues. straints make this rather impractical for global models . Also,
Aerosol assimilation is a relatively new field of research, development of a 4D-var system is much more complicated
owing to aerosol modelling itself being new.Collins  than an EnKF as the latter is essentially independent of the
et al. (2001 attempted Optimal Interpolation (Ol) of daily model that is used. For a further comparison of 4D-var and
AVHRR?! AOT in a regional model, andu et al. (2003 EnKF, we refer toKalnay et al.(2007). Various flavours of
similarly used MODIS AQT for a global model. Using the ENnKF have been developed, etgoutekamer and Mitchell
3D-var formalismHenzing(2005 assimilated ATSRAOT. (1998 used a double ensemble to improve statistical repre-
Generoso et a[2007) used POLDER observations of AOT  sentation andlVhitaker and Hamil(2002) introduced the en-
and fine mode AOT in a 3D-var scheme. In these studiessemble square root filter which allows easier treatment of the
AQT was always the analysed variable, and various assumpabservations.
tions were necessary to translate the analysed AOT into pro- In this paper, we will introduce a new assimilation sys-
files of several species of aerosol for further model simula-tem for global aerosol simulations, based on the Spectral
tion. WhenTombette et al(2009 assimilated surface obser- Radiation-Transport Model for Aerosol Species (SPRINT-
vations of PMg using Ol, they faced a similar problem. In ARS) (Takemura et al.200Q 2002 2005 and the Local
addition, in both Ol and 3D-var technigues, the model errorEnsemble Transform Kalman filter (LETKFH(nt et al,
covariant structure has to be assumed a-priori and it usuallyz007 Miyoshi and Yamang2007 Szunyogh et a].2008.
does not vary in space or time. Possibly these limitations ex-This system will assimilate AERONET observations of AOT
plain why those studies only showed a mild improvement inand AE. The resulting global aerosol fields (again AOT and
aerosol modelling. AE) will be validated with independent observations from
Therefore, some research groups have focussed on an is¢ERONET, SKYNET and MODIS Aqua. In a future paper,
lated aerosol species with dedicated observatioAbang  We discuss several sensitivity studies that were performed for
et al. (2008 employed a 3D-var system for MODIS AOT the assimilation system, show its robustness and determine
to improve sea salt modelling in a global moddliu et al. ~ optimal values for various numerical parameters.
(2008 andLin et al.(2008 analysed desert dust in aregional ~ In Sect.2, we present a quick overview of the Kalman fil-
model, assimilating either surface visibility and satellite dustter and describe in detail the approach we have taken to ap-
loading measurements or Rlybbservations, to improve dust ply an ensemble Kalman filter to global aerosol modelling.
forecasting in ChinaNiu et al. (2008 employed a 3D-var In Sect.3, we briefly introduce the global aerosol model
system whileLin et al. (2008 chose an ensemble Kalman SPRINTARS and the modifications we introduced for the
filter (EnKF). Yumimoto et al.(2008 used LIDAR extinc- ~ current paper. Since good observations are essential to reli-
tion by desert dust (identified from its depolarization ratio) able assimilation, Sec# discusses the quality-assured level
to improve dust storms with a 4D-var scheme. In general,2 AERONET data and discusses how we arrived at our obser-
these studies showed improvement in the modelling of thevational error statistics. The results of the assimilation will
aerosol field. be compared to both the standard simulation and indepen-
At the European Centre for Medium-Range Weather Fore-dent observations in Se& A summary of our work can be
casting (ECMWF), a 4D-var ystem for global aerosol assim-found in Sect6.
ilation has been developed Benedetti et al(2009, us-
ing MODIS observations. The potential of space-borne LI-
DAR observations of aerosols from CALIPSO was shown by
Sekiyama et ak2010. For an alternative ta}ke oncombining 51 The Kalman equation
model results and observations, deebovik et al. (2008
who attempted to fit MODIS observations to transport calcu-In any Kalman filter, the essential equation to solve is the
lations with global emission as free parameters. Kalman equationRodgers 2000 which relates an analysed
statex, to the forecast statey as

2 LETKF: ensemble Kalman filter

1Advanced Very High Resolution Radiometer

2Moderate Resolution Imaging Spectroradiometer X=Xy +P,-HT.R7L. (y—H-xy). Q)
3Along Track Scanning Radiometer

4pOLarization and Directionality of Earth’s Reflectances
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Here x is a vector containing the state of the model (in assimilation algorithm. In the LETKF the assimilation is per-
our case, aerosol mixing ratios for fine and coarse aerosol gbrmed while considering only a local subgrid of the full grid.
all grid locations, including all vertical levels). The forecast This is possible since spatial correlations in the aerosol field
state is updated (to the analysis) by consideringnheva-  usually extend over no more than a few hundreds of kilome-
tion, the difference between actug)) @nd simulated values ters. Any observations more than, say, 1000 km away from a
(Hx ) of selected observables. In this papewill be a vec-  grid-point are unlikely to contain useful information for the
tor of observed AOT and AE at various locations. The ob-assimilation in that grid-point. As a consequence, the as-
servation operatdd transforms the forecast state vector into similation can be very effectively parallelized, with different
simulated observations. Finally, the innovation is multiplied processors calculating the analysed state vector of different
with the so-called Kalman gain which contains the modelregions of the full grid.
prediction error covariance, the observation operator and | any ensemble Kalman filter, there are a number of nu-
the observational error covarianBe all of which are matri-  merical parameters that require (some) tuning for the filter to
ces. work optimally. For LETKF, these are (roughly from most

The only unknown variable in Eql), apart fromx,, isthe  to least important): ensemble sizg local patch sizé, and
analysis model prediction error covariarge It must either  horizontal localization factal, (together, and!y, define the

be assumed or it can be found by solving maximum range, in grid-points, at which observations still
1 influence the assimilation) and inflation parametéa mul-
P, = (I +Py- HT. R‘1~H> Py, (2 tiplier to increase the ensemble spread to mitigate the neg-

ative influence of a limited ensemble size). More detailed
wherel is the identity matrix andP; = (xyX ) the forecast information can be found in aforementioned publications or
model prediction error covariance. The latter can, in princi- in the aforementioned future paper. For the present study, we
ple, be obtained from model calculations (more on this later).have usedie =40,/ =4,/ =2 andg =1.1. As shown in
It can be shown (e.@outtier and Courtierl999 Rodgers  a future paper, these (optimal) choices allow for robust and
2000 that solving these equations is equal to minimizing thereliable assimilation of AERONET data. Actually, an en-

following cost function semble size of 40 is probably larger than necessary; 20
T 1 seems sufficient for our work.
V)= (Xf=Xa) P (Xr =Xa) + A complete assimilation cycle consists of the forward sim-
(y—H-x)T-R1.(y=H-x,), (3) ulation of the SPRINTARS ensemble for three hours (simu-

lated world time) followed by a single execution of LETKF.
which minimizes the “distance” of, to both the forecast;  The analysed aerosol fields then serve as initial conditions
and the observations, while taken the error estimates in botlor the next forward simulation.
forecast and observations into account.

The model prediction error covariance is assumed a-priorb 3 Tpe analyzed variable and the observations
(Bouttier and Courtier1999 in many implementations of

the Kalman f||ter (notably optimal |nterpolat.|on an_d 3D-var, Allthough SPRINTARS (see also Se8).simulates 22 sub-
but usually also in 4D-var). Often, observations will be used . : : ; .
species of aerosol, we will summarize them into a fine (car-

to guide its §hape, but there will be no causal rela.t|ons'h|p be'bons and sulfate) and a coarse (sea salt and dust) mode for
tween the simulated, and the assume®,. For optimal in-

terpolation and 3D-var, this is due to limitations in the assim-the purpose of assimilation (although SPRINTARS simulates

- o a fine mode for seasalt and dust, we include them with the
ilation approach. For 4D-var, this is due to computer resource ; 3

: . coarse mode. Figureshows these fine modes do not affect
restraints. If the state vector haglements, than the covari-

ance matrix hag? elements that all have to be propagated overal seasalt and dust AE greatly). Thus, our state vector
forward in time. In the ensemble Kalman filter thﬁs pro%lem for the assimilation consists of fine and coarse mode mixing
. ' . P ratios at every grid-point, for all 20 vertical levels. After as-
is removed by calculating s from an ensemble of modelcal- _. .~ . e . . :

. L . . similation, mixing ratios for each sub-species are determined
culations at the moment of assimilation. Sineeavill evolve . . ; L

. from their relative fractionbeforeassimilation.

as the ensembbey evolves, the ensemble Kalman filter can _ _ _
represent flow-dependent covariance information. The draw- | € observation operatéf, however, is calculated using

back is that this covariance is noisy as it is an average over 4'€ ©riginal sub-species mixing ratios. For each ensemble
finite size ensemble. member, scattering properties per unit mass for both the fine

and the coarse mode are calculated. An ensemble averaged

2.2 Local ensemble transform Kalman filter scattering property’f"(3) for e.g. the fine mode is defined
as

The LETKF is a recent development of the ensemble Kalman
filter (Hunt et al, 2007 Miyoshi and Yamang2007, Szun- cfing — Y iineC’ (W)X’ 4
yogh et al, 2008, aimed at efficient parallel treatment of the )= > finet’ ). )
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AF statistics 3 SPRINTARS: global aerosol transport model

r T T T T ]
20| Seasalt Sulfate 0OC/BC Sulfate_]
Mineral 0c/BC 1

SPRINTARS is a global transport model for aerosdkske-
] mura et al. 200Q 2002 2005 built on top of the MIROC
] ] (Model for Interdisciplinary Research on Climate) AGCM
] (Numaguti et al.1995. Four major groups of aerosol are
represented by calculations in 22 different bins: sulfate (1
bin), carbons (7 species, each with their own bin), sea salt
] (4 size bins) and mineral (10 size bins). The model calcu-
7 lates emission, transport, gravitational settling and wet and
i ] dry deposition. We run SPRINTARS v. 3.54 at a resultion of
ol ol t42 and 2 -layers. This translates into a horizontal resolu-
-05 00 05 10 15 20 25 tion of 2.8° or about 312 km at the equator. The atmosphere
AERONET AE has about 6 layers in the lowest 2.5 km.
SPRINTARS was specifically designed for climate studies
and hence allows feedback from the aerosol fields on the me-

Fig. 1. Histogram of AE observed worldwide by AERONET for . . . -~
July 2005. Only observations with an estimated error smaller thanteor()lc}glc"’II fields (both direct and indirect aerosol effects are

0.25 are shown. Also shown are current (regular font) and previou@ccounted for, segakemura et a].2009. For assimilation

(italicized font) values of AE for the major SPRINTARS aerosol PUrposes, this may not be the most practical setup (at least

species (center of the text coincides with AE at 80% humidity).  initially) as the aerosol fields will affect the meteorology. We
try to temper this feedback by nudging the meteorological
fields to NCEP reanalysis fields of temperature, horizontal

where the accent denotes scattering properties and mixing,ingspeeds and specific humidity with a time-scale of half a
ratios for each SPRINTARS sub-species and the brackets dgsay (a day for humidity).

Frequency [%]
S o

S
|

)]
—

note the ensemble average in every gridpoint. . The scattering properties of simulated aerosols are cal-
This allows the following definition of the observation op- ,jated differently from standard SPRINTARSakemura
eration H -x in Eq.1) for e.g. AOT, et al, 2002. First, the full particle size distribution is taken
k=20 _ into account. (Original SPRINTARS uses scattering proper-
)=y (C,f('“()»)x,‘?” +C,S’S(A)x,frs> mm (5) ties calculated at effective sizes only. For AOT this leads to
k=1 relatively small differences, for Angétm exponent the dif-

wherex; is the aerosol fine or coarse mixing ratio for #tte  ferences are significantly larger). Second, the widths of the
layer for a single ensemble member andMis the gaseous size distribution for sulfate and carbons were modified. If we
mass of said layer. Note that we sum over all2fayers. use the original width, AE for either sulfate or carbon indi-
For AQT, the observation operator is clearly linear. The vidually is rather low & 1) which precludes the possibility

Angstim exponent AE is of-course a function of the wave- of high AE (> 1.5) as is often observed by AERONET (see
length dependence of AOT: Fig. 1). Therefore, we chose to use the widths as suggested

by Omar et al(2005 for the fine modes of his category 4 (in-

logt (A A , . - ;
= _logr@)/r (1) (6) dustrial pollution) and category 2 (biomass burning) aerosol
loghz/21 types.
which is clearly non-linear in the mixing ratios. Therefore,  The assimilation system requires an ensemble of SPRINT-
we linearize it around the ensemble mean. ARS model calculations. The difference between the ensem-

There is quite some uncertainty about the exact growthple members should reflect our estimate of the model predic-
curves of aerosol with humidity, and in particular the effectstion error. In the current study, the ensemble members differ
of aging and coagulation on those growth curves. The growthmainly in their emission scenarios. Furthermore, they will
curves themselves affect the forward simulation by SPRINT-a|so differ in their initial conditions.

ARS (deposition speeds) and the assimilation by LETKF  Since it is primarily uncertainty in emission inventories
(Scattering propertiES) and are therefore essential informathat is our concern, we create an ensemble by tak|ng the
tion. When the relative humidity exceeds 80%, wetgrowth standard aerosol emission inventories and modifying them
effects become very important. To limit errors in simu- for each ensemble member. Throughout the grid, each ma-
lated observations, we do not assimilate observations whefbr species has its emission modified by the same random
the column-averaged relative humidity (weighted by AQOT factor drawn from a log-normal distribution. The mean and
per layer as calculated from the model) is over 80%. Con-spread of this distribution are both usually chosen to be 1.
sequently, regions that routinely have high humidities will | the present study, the sea-salt emission is not modified.
never benefit from assimilation and the analyzed fields inSu|fate from SQ emission (|e industrial po||uti0n and Sh|p
those regions will be similar to the forecast fields. exhausts) is modified but not sulfate from DMS or volcanic
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emission. The emissions of the seven sub-species of car-
bon aerosol are modified with the same factor. Similarly, the =:
emissions of ten size bins of dust are modified with the same- -~
factor. As a result of these emission perturbations, the ratio

of the standard deviation to the mean AOT for the individual ~
major aerosol species has a vatlu®.6 for carbon and sul-

fate,~ 0.6 —2.4 for dust (due to the different windfields of
each member) and less than 0.2 for sea salt, in an ensemble *
run without assimilation.

Although we also vary initial conditions, this turned out
to be relatively unimportant due to the short residence times
of atmospheric aerosol. For the present study, we have ran-
domly modified an initial condition (aerosol mixing ratios)

determined from a year-long spin-up run. The initial condi- Fig. 2. Location of all surface sites used in this study.

tions for the meteorological fields are derived from a Spin-Upcosses: AERONET sites used for assimilation: blocks: AERONET

run of SPRINTARS with unmodified emissions, which is it- sjtes used for validation: triangle: SKYNET sites used for valida-

self initialized from the NCEP reanalysis. tion. The names of the validation sites are also indicated. Note that
“Karlsruhe” had to be shifted to the North to prevent clutter.

4 AERONET: AOT observations
tions in 2 h (essentially, we assume representation noise to
AERONET (http://aeronet.gsfc.nasa.gpus, to date, the pe random and independent).
most dedicated effort in establishing a global surface net-
work with the purpose of observing the aerosol system. Sincet.1 AERONET AOT error analysis
1993, it has provided AOT and AE at various wavelengths,
from 340 to 1640 nm. Barring instrument malfunction, main- The observational error in AOT we estimate conservatively
tenance, clouds or low sun angles, measurements are mads e, = 0.015. Note that we also assume that this error is
with a time sampling of~ 15 min. Thanks to rigorous cal- more or less constant during two hours.
ibration, the instruments should be able to achieve an accu- To evalute the representational error, we look at the vari-
racy ofe, =0.01—0.02 (Eck et al, 1999. The AERONET  ability of AOT over short time ranges for both AERONET
website states that AOT for> 400 nm, can be expected to and SPRINTARS. We can estimate the AERONET AOT
have an error of 0.01. Comparison between instruments revariability within half an hour or one hour of a central time
vealed errors o€, = 0.015 (Schmid et al.1999. In recent  (see Fig3) using 2 h time-intervals of uninterrupted observa-
years, the network has greatly expanded and up to 2009 intions for all AERONET sites in 2005 (3 h intervals would be
cluded 446 stations (although not all were operated at thenore interesting but they occur only infrequently). These in-
same time). tervals were divided in a central 1 h interval and a remainder
For our assimilation experiments, we will focus on July 1 h interval (consisting of two 30 min. intervals). Relative
2005. Of all AERONET data up to and including 2007, this differences with respect to the central interval mean were
is the month with the most observations. At that time 131 calculated. By taking results from all central intervals for
stations were operational (Fig). From these stations we one site, an estimate of the AOT variation within one hour
use quality-assured level 2 AOT at 675 nm and AE based orat that site could be obtained (it is the standard deviation of
AQT at 440 and 870 nm. These wavelengths were chosen forelative differences). Likewise, an estimate of the AOT vari-
their availability (e.g. not every station has a 500 nm chan-ation in the remainder 1 h interval was derived. In Rg.
nel) and relative accuracy (e.g. below 400 nm, AOT errorsthese variations have been given a notional time differences
estimates increase, retrieved AOT near 765 nm is insensitivef 15 min (central hour) and 45 min (remainder hour), which
to size distribution assumptions&kajima et al.2007), AOT is the average time difference from the central time.
at 1020 nm is affected by water vapour). Scattering proper- SPRINTARS AOT is only available with a sampling of
ties at 440 and 870 nm are also sufficiently different that AE3 h, so an analysis identical to the previous one is not possi-
can be expected to contribute independent information. ble. Instead we calculated the standard deviations of relative
In preparing the AERONET data for assimilation, we will differences in subsequent SPRINTARS AQOT values at the lo-
average them over 2 h, centered on the latest SPRINTAR$ation of AERONET sites.
time-step. The error that will be attributed to this averaged Figure 3 suggests that, at similar time scales, SPRINT-
observation is the (squared) sum of a representation error an8RS variability is much less than that of AERONET. This
an observational errar® = €2 4 2. Here the representation difference in temporal variability is not surprising: SPRINT-
error is divided by the square root of the number of observa-ARS uses a timestep of 20 min, at a relatively coarse spatial
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Fig. 3. Temporal variation of AERONET and SPRINTARS AOT at
different time scales for individual sites. The triangles refer to varia-
tions in AERONET AOT. The diamonds refer to variations between
3-hourly SPRINTARS AQT.
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Fig. 4. Temporal variation of AERONET and SPRINTARS AE at
different time scales for individual sites. The triangles refer to vari-
ations in AERONET AE. The diamonds refer to variations between
3-hourly SPRINTARS AE.

resolution. If we assume that SPRINTARS has any validity,
then the lack of detail in the simulation is first of all the re-
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10.0F
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Fig. 5. The effect of correlations in AOT errors at 440 and 870 nm
on the AE error. The error shown is relative to the absolute AE
error for uncorrelated AOT errors. The absolute AOT errors at both
wavelengths were assumed identical in magnitude.

where At is the time separation (in minutes) between the
time at assimilation and the relevant AERONET observation
and FLOOR is the function that maps a value to its next low-
est integer.

4.2 AERONET AE error analysis

A similar analysis of temporal variability can be made for
AE and is shown in Figd. We estimate the associated repre-
sentation error to be

The observational error in AE can of course be estimated
by propagating the observational errors in AOT at 440 and
870nm. Here we will assume that these errors are uncor-
related. Whether this is in fact true, is unknown. Neither
a literature study, nor consulting with experts (O. Dubovik,
A. Smirnov) yielded any information on this point. Sensitiv-
ity studies show that unless AE is small and the correlation
is high (see Figb), the effect of correlations in AOT on the
error in AE is small.

At
30min

¢, = 0.025x (1+ FLOOR( 8)

sult of a (spatial and temporal) averaging operation. In that

sense, we can interpret the variability in the AERONET ob-

servations as noise that would act as a representation error

when comparing AERONET to SPRINTARS.
From Fig.3 we conclude that the size of this representa-
tion error is, averaged over all sites, 5.

5 Validation of the assimilation

We will now discuss results of the assimilation by compar-
ing them to independent observations. For this purpose, eight

5% in the central hourAERONET sites were excluded in preparing observations for

and 11% in the remainder hour. A convenient representation, assimilation. In addition SKYNET and MODIS obser-

would be

At
30min

€, =0.0557 x <1+ FLOOR<

)

(7)

Atmos. Chem. Phys., 10, 2562576 2010

vations will also be used for independent comparison. Ta-
ble 1 defines the assimilation experiments that we performed.
They differ in what observations are assimilated (AOT for
Al, AOT and AE forA2) and the global scaling factor (in-
dependent of the random perturbation, see S®capplied

www.atmos-chem-phys.net/10/2561/2010/
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to the emission inventories (1 f(fﬁl gnd either 0.50r2 fgr Table 1. Assimilation experiments used in this paper.
E2). The experiments that we will discuss in some detail are
A2E1 AlE2andA2E2(AlELlis not discussed as it does not

- . . assimilated  ensemble scaling factor
reveal anything new). Results will be compared to both inde- . : . grac
. o id observations size  fcarb fsulf  Jfdust
pendent observations and the control Estd which is the
standard SPRINTARS simulation. Estd none 1 1 1 1
AlE1 AOT 40 1 1 1
5.1 Independent AERONET observations A2E1l  AOT & AE 40 1 1 1
AlE2 AOT 40 0.5 2 0.5
The AERONET sites excluded from the assimilated observa- A2E2  AOT & AE 40 0.5 2 0.5

tions were chosen to have neigbouring AERONET sites in all

four wind-directions, at a distance of least one grid cell. The

exception is the Darwin site which only has Jabiru to the east. Also at the Cinzana site (Mali, Western Africa), we see the
In Figs.6 and7, we show comparison between independentpositive impact of assimilation, but here the standard simu-
observations of AOT and AE and the results from assimila-lation tends to underestimate AOT and overestimate AE (too
tion experimentsAlE2 and A2E2 The standard SPRINT- little dust in the air). The large discrepancies between the
ARS simulationEstd is shown as well. ExperimeA2E1  assimilated AOT and the observation in the first few days
looks similar toA2E2 may be due to initial effects (the initial condition is also ran-

Quite generally speaking, results for AOT and AE agreedomized in our ensemble), although no such thing is seen for
better with the observations because of the assimilation. Stilthe other sites. Note that assimilated AE shows large devia-
many events of short duration are missed as well as somé&ons from the observation at times of low AOT (e.g. 12 and
longer events. AE is only substantially affected when AOT 16 July). Again, theAlE2experiment shows an AOT very
is high, as may be expected (in that case, observational errorsimilar toA2E2 but AE is overestimated.
in the assimilated AE are small). The European sites at Karlsruhe, Eauga and Minsk will

For the Ames site (central USA), we see that the standardbe collectively discussed. First of all, we see little differ-
AOT is significantly underestimated. Assimilation improves ence between AOT and AE for bolstdandA2E2 as well
this but two multi-day events with poor AOT simulation still asA2E1(note thatA2E1is not shown, buA1E2is shown).
occur (10-12 July and 21-23 July). For the first event, aAll experiments agree reasonably well with the independent
South-Easterly wind prevails, during which the Bondville observations. This firstly suggest that the standard emis-
site (located 475 km to the south-east of Ames) has almossion scenarios for Europe are quite acceptable. At the same
no observations to be assimilated. For the second event, niime, assimilation is able to correct AOT when we assume
apparent reason presented itself. Assimilation of AE doesncorrect emissionsA2E2. Le Fauga shows two multi-
not appear to have much effect. In some cases, AE actuallgay events (9—-11 July and 15-17 July) where the prevailing
deteriorates. For the 5 July event this is likely due to low wind direction is Westerly and the assimilation is actually
AOT. worse than the standard simulation. This is quite unusual and

For the CCNY site (east coast of USA), we see again ansuggests model errors affecting the assimilation negatively.
underestimation by the standard simulation, which is im-Since LeFauga is located just north of the Byees moun-
proved somewhat by the assimilation. Both the standard simtains, it is interesting to note that wind direction and quality
ulation and the assimilation overestimate AE. At least threeof the assimilation correlate. Northerly winds (10-13 July)
such events (5 July and 9-10 July and 23 July) are characteyield good assimilation while a South-Westerly wind (15—
ized by low AOT ¢ < 0.15). 17 July) yields poor results.

At the Bahrain site (Kingdom of Bahrain, east of Saudi  The last site with independent observations to discuss is
Arabia), we clearly see a strong positive impact of the asim-Darwin. This has only a single station nearby (Jabiru, 125 km
ilation on both AOT and AE. While AOT is overestimated to the East) but the wind is predominantly Easterly and the
in the standard simulation, AE is underestimated (too muchobservations at both sites correlate well. Nevertheless, as-
coarse aerosol is in the air). The assimilation neatly correctsimilated AOT and AE tend to be underestimated. It is also
this. At Bahrain, in July 2005, the wind is mostly North- obvious that there is very little difference between the stan-
Westerly but no nearby sites are located in that quadrantlard simulation andA2E2 According to the model, more
(e.g. SEDEBOKER is some 1600 km away). We surmise than 50% of AOT comes from sea salt, that is not repre-
that it is the downwind sites to the south of Bahrain that im- sented by an emission ensemble. More-over at the location
prove the simulation at Bahrain. Note also that although theof Jabiru, the model prediction error and the observation er-
Al1E2experiment shows an AOT very similarARE2 AE is ror in AOT are similar in size+{ 0.015), so the Jabiru obser-
overestimated. vation should not be expected to have a large impact on the

assimilation.
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shown are actual observations (green squares).
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Fig. 8. AOT and AE at selected SKYNET sites for both tstd (black) simulation and thA1E2(blue) andA2E2(red) experiments. Also
shown are actual observations (green squares).

Finally we note that substantial differences between ob-can't really say that assimilation positively influences AOT
served AE and the assimilation occur when either AOT alsoin the first twenty days. However, the nearest AERONET
differs (Ames 4 and 21-24 July, CCNY 18-20 July, Cin- sites (Osaka and Shirahama) have only few observations in
zana 4 July, 24-25 July, Karlsruhe 12-13 July,Rauga 15— the first half of the month. In the last ten days, they pro-
16 July, Minsk 7 July, 15 July) or observed AOT is very low vide more observations and we see that the assimilation re-
(CCNY 2-4 July, 9-10 July, 21-23 July, Cinzana 12 July, sult for A2E2agrees better with the observations. More-over,
16 July, LeFauga 11-15 and 19-21 July, Minsk on most it would seem that the SKYNET data for Toyama still suffer
days). The first situation needs no corroboration, in the secfrom some cloud contamination as can be seen in the relative
ond situation observed AOT should be representative of théigh AOT in Fig.8 and even more clearly in Fi@ where
AOT of the assimilated observation and hence the error in2-h averages of AOT at Shirahama, Osaka and Toyama are
assimilated AE. The Cinzana site is most instructive in thisplotted together.
respect. Whenever AOT drops below 0.2, observed AE and

the assimilation result can differ substantially. The Capetedo site (Okinawa, Japan) is more promising,

with TapeiCWB (700 km), Osaka & Shirihama and Anmyon
_ (~ 1200 km) nearby. But also for this site, assimilation seems
5.2 Independent SKYNET observations to have little impact. The first half of the month, the wind
blows from the South-East and consequently sea salt domi-
In Fig. 8 we show a comparison with SKYNET observations, nates the standard simulation AOT at Capedo. The high
which is a local South-East Asian networlittp:/atmos.cr.  AOT and AE actually observed are probably due to high sul-
chiba-u.ac.jp/rather similar to AERONET (see alddaka-  fate loads, as confirmed by surface measuremé&tséam
jima etal.(2007) . Note that the number of AERONET sites 2005. They likely result from the volcanic eruptions by
in South-East Asia that can be used for assimilation is QUiteAnatahan (M Ruminski, persona| communication, 2009) A
limited, so we don’t expect a great impact from assimilation. movie can be seen http://so2.umbc.edu/omi/movies/wpac
For instance at the Toyama (Japan) site, there is some difemso21jan-30sep05.mothat clearly shows the S(hblume
ference between the standard simulation AR&2 but we  from Anatahan, as detected by OMI (Ozone Monitoring
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Instrument), sweeping over Captedo in July 2005. In the 25
second half of the month, the winds shift and now blow in- C 1
dustrial pollution from the Asian mainland over Cadedo. 20f * .
Consequently, the assimilation seems to yield better results. . ; * ]
o 1T x * ]
5.3 Independent MODIS observations © N
g 1o X o ;Zo -
Finally, we compare our assimilation experimek2E1 to =t o . *
MODIS Aqua observations (coll. 5) of AOT at 550 nm. For 05 ;ﬁi + " }x@%ﬁ o
the independent AERONET data, we found only small differ- i * ﬁ%ﬁ%ﬁﬁ -
ences between experime®®ElandA2E2 But now that we 0.0C ‘ ‘ cR ‘ ﬁ
5 10 20 256

turn to satellite observations that cover a large area, consid-
erable parts of which may not be sampled by the AERONET
sites for assimilation, it seems better to use an emission en-
semble centered around the standard SPRINTARS emissiokig. 9. Observed 2-h averaged AOT for Toyama (asterisks), Osaka
scenarios. (diamonds) and Shirahama (plusses). Consecutive Toyama data are
Of course, direct comparison between AOT for the simu-connected with Iines_ to _bring out the sudden AOT changes, likely
lation and the MODIS observations will not be straightfor- du€ to cloud contamination.
ward. First of all, there is a large discrepancy in the spatial

resolution of the model (8°) and the obse.rvations (20 km). In Fig. 11, we show Northern America on 14 July 2005,
We ha}ve resamplgd the MODIS, obsgrvatlons 16 650.5 . In agreement with the MODIS observations are the follow-
but this does not improve the discretized model calculationj,, The assimilated AOT is significantly increased in central
Next, there is a difference in temporal sampling. The globalg,gt America and there is more aerosol in Southern Califor-
model AOT is known at three hour intervals, while the ob- i3 anq Baja California (Mexico). In addition assimilated
servations are taken at various times depending on the 9esoT i increased west of Hudson bay, something the MODIS
ographic location. We have averaged model AOT over theypgeryations seems to confirm although many observations
range of relevant MODIS observation times. Thirdly, satel- 5re gpsent. Neithestdnor A2E1predicts the aerosol seen

lite observatiqns of AOT over land are notoriously difficult by MODIS either South of Hudson bay or in North West
due to errors in assumed surface albedo and assumed aero nada.

type. Fourthly, MODIS observations are not always available Finally, we again turn to Europe on 26 July 2005 in
due to e.g. cloudiness. When they are available, they may bg;, 15 " Assimilated AOT due to dust and pollution is ele-
contaminated with cloud signals. Finally, model and MODIS vated over the standard AOT, in North Africa, the Mediter-
AOT are calculated for slightly different wavelengths (500 ranean and Northern Italy as well as Central Europe, as con-

vs. 550 nm). Due to th(_ase reasons, we can only hope t0 CoNf g by MODIS. Regretabbly the higher assimilated AOT
pare general patterns in AOT in the following paragraphs. e North West Europe can not be validated due to cloudi-

We have selected three scenes for comparison based Qs Neither standard nor assimilated AOT shows the pollu-
the following criteria. Since the AERONET network should i east of the Caspian sea.
samp]e these scenes.sufficiently, we are limited to Northen Clearly, assimilated AOT is often in better agreement with
America, Northern Africa and Europe. Also, there should beyhg opservations than the standard AOT. If there are insuf-
a significant difference between the standard simulation angicjent AERONET sites, then the assimilation often fails to
the assimilation experimeA2E1 This led us to select three improve AOT. Finally, we point out that even when MODIS
partlcu_lar dates. ) observes clouds, and hence cannot be used to validate assim-

In Fig. 10, we show Europe and Northern Africa on jjated AOT, assimilated AOT may still be improved due to

13 July 2005. In agreement with the MODIS observationsnopscured observations assimilated at earlier times.
are the following. The assimilated AOT shows a strong re-

duction of the extensive dust storm over Sudan, Ethiopia and

the Arabian peninsula. Likewise, the dust storm over Alge-6 Summary and conclusions

ria is not as pronounced. The pollution over Northern France

and the low countries has increased in the assimilated AOTWe have developed, implemented and tested an assimilation
However, neither standard nor assimilated AOT agree withsystem for a global aerosol transport model. Our aerosol
the MODIS observations of dust storms on the African westmodel SPRINTARS calculates the emission, transport and
coast or in Niger or the pollution in Spain. A couple of inter- removal (due to gravitational settling, wet and dry deposi-
esting features, like the changes in pollution over Italy, Ro-tion) of four basic aerosol species (carbons, sulfate, sea salt
mania and the Black sea can not be verified due to cloudinesand dust). The assimilation is performed by a Local Ensem-
in the satellite observations. ble Transform Kalman filter. In this paper the ensemble of

15
Day (July 2005)
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Fig. 10. AOT over Europe and Northern Africa on 13 July 2005 (09:00-14:00 GMT). Top left panel shows the standard SPRINTARS
simulation, top right panel shows MODIS Aqua observations and bottom panel shows SPRINTARS assimilation.

model simulations is constructed by modifying the standardThese observations were averaged over two hours to increase
emission scenarios for SPRINTARS, in particular those fortheir representativeness for a model simulation run at t42
sulfate, carbons and desert dust. with a 20 min time-step. Particular attention was given to

Using an ensemble of model simulations is a computa—error estimates of the assimilated observations, which con-

tionally efficient way to represent spatially and temporally sists of independ(_ent contribl_Jtions of an obsgrvational error
varying model covariant information, that is used to spreadand a representanqn error (high frequency noise due to small
the information from localized observations throughout theScale aerosol physics).

model grid. Other assimilation schemes (Optimal Interpola- In a future paper, we discuss sensitivity studies in which
tion, 3D-var, 4D-var) have to employ a-priori assumed modelwe varied several numerical parameters and assumptions re-
covariances (often constant in space and time), that are deguired by the ensemble Kalman filter. In this paper, all ex-
coupled from the model calculations. In addition, our ana-periments were conducted for a 40-member ensemble but a
lyzed variables are the mixing ratios of the aerosol fine and20-member ensemble seems to yield similar results.

coarse mode in an atmospheric profile. Most aerosol assim-
ilation schemes analyze AOT, and require extra assumptionﬁ
on how this translates into profiles of mixing ratios.

In the current paper, however, we only discuss results for
assimilation experiments where we varied some basic as-
sumptions about the emission scenarios (in particular: a scal-
In this paper, we assimilate quality-assured level 2 AOTing factor) and the type of assimilated observations (either
(675nm) and AE (870 vs. 440 nm) from AERONET sites. AOT only or both AOT and AE). Simulated fields of AOT
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Fig. 11. AOT over Northern America on 14 July 2005 (16:00-2200 GMT). Top left panel shows the standard SPRINTARS simulation, top
right panel shows MODIS Aqua observations and bottom panel shows SPRINTARS assimilation.

and AE from these experiments are compared to both a starshow that also for European sites, where the standard simu-
dard simulation with SPRINTARS (no assimilation) and in- lation is more acceptable, the assimilation improves the AOT.
dependent observations at various geographic locations. lAssimilating AE leads to a substantial improvement of mod-
particular, we excluded 8 AERONET sites from contribut- elled AE for Cinzana and BAHRAIN. However, the North-
ing observations to the assimilation and later used them forAmerican and European sites seem not to benefit much from
validation. In addition, SKYNET observations (South-East the additional information presentin AE. One reason is likely
Asia) and MODIS Aqua observations of Northern America, the large errors in AE observations due to low AOT. From the
Europe and Northern Africa were also used for validation. Cinzana and BHARAIN results we surmise that AOT needs
The comparison with independent AERONET observa-to be at least- 0.4 if AE is to have any positive effect. How-
tions is important as they are the most reliable and accuratever, the fact that AE observations are useful in low AE cases
data set used for validation. However, the validation sitesbut less so in high AE cases, may also be due to our definition
were chosen to be in fairly close proximity to other sites of fine mode aerosol. This fine mode consists of both sulfate
(more than 1 but less than 3 grid cells distance) and usuallyand carbon aerosols that have different AE contributions (see
were “surrounded” in all four wind directions by AERONET Fig. 1).
sites that contributed observations to the assimilation. The comparison with SKYNET observations are interest-
Results show that the assimilation can substantially im-ing as there are not many AERONET sites in South-East
proves modelled AOT and sometimes AE. This is partic- Asia and we wanted to use them all for assimilation. Unfor-
ularly obvious for the North American (Ames, CCNY), tunately, in the period we considered (July 2005) only two
African (Cinzana) and Arabian (BAHRAIN) sites, where the SKYNET stations provided sufficient observations. For the
standard simulation diverges strongly from the observationCape-Hedo site (Japan), a nearby erupting volcanoe (Anata-
However, our experiments with various emission scenarioshan) introduced large quantities of $@at our emission
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SPRINTARS standard AOT at 500 nm
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Fig. 12. AOT over Europe on 26 July 2005 (09:00-14:00 GMT). Top left panel shows the standard SPRINTARS simulation, top right panel
shows MODIS Aqua observations and bottom panel shows SPRINTARS assimilation.

inventories did not include. Whether it is possible to rep- low AE cases. To improve this one could assume smaller
resent both quiet and active phases of volcanoes in oUAERONET AOT errors (our choice was quite conservative)
emission ensemble remains a topic for further study. Forand/or use three aerosol modes to analyze (e.g. sulfate, car-
the Toyama site (Japan), the nearby AERONET sites thabon and coarse). While validating our assimilation results, it
supplied observations to the assimilation experienced a lobecame apparent that the standard emission scenarios limit
of data loss due to cloudiness. In addition, the Toyamathe usefullness of assimilation since the emission ensemble
SKYNET data itself seem not entirely free of cloud contam- is a random modification of the standard emission. Hence
ination. Nevertheless, the comparison for the second halfvhere there is no emission in the standard model, there will
July 2005 shows improvement in AOT due to assimilation. be no emission in the ensemble.

Finally, we compared assimilation results with MODIS  In the current paper, only AERONET data were assimi-
Aqua data. This allows us to study the effect of assimila-lated but this is no limitation of the system. At the mo-
tion on the spatial distribution of aerosol. For three separaténent, the assimilation system supports AOT data from the
days in Ju|y 2005’ Comparison was made among standard arMODlS satellite sensor as well as AOT and AE from two
assimilated AOT as well as MODIS AOT for either North- local South-East Asian ground networks (CSHNET and
America or Europe and North-Africa. Results show the as-SKYNET). Also attenuated backscatter from ground-based
similation correctly adjusts AOT to either higher of lower LIDARs employed by the Asian Dust network can be assim-
levels. However, we also found several cases of pollution oflated.
dust storms that were present in the MODIS data but not in Future developments of the assimilation system will in-
the standard simulation or the assimilation. This points toclude a 4D-LETKF version which will consider the evolu-
remaining issues with the original emission inventories, intion of the ensemble during an arbitrary time-window, and
particular the spatial distribution of sources. an extension of the definition of the ensemble (e.g. variation

Concluding, we feel that the assimilation system was sucin deposition speeds). This work was done as preparation for

cessfully validated against independent observations. On H1e GOSAT-CAl imager onboard GOSAT.
global scale, assimilating AOT yielded better results than the

standard simulation. The usefullness of assimilating AE is

for the moment, however, limited to high AOF(0.4) and

Atmos. Chem. Phys., 10, 2562576 2010 www.atmos-chem-phys.net/10/2561/2010/



N. A. J. Schutgens et al.: Global assimilation of AERONET observations 2575

Acknowledgement3ie thank the relevant Pls and their staff for Houtekamer, P. and Mitchell, H.: Data assimilation using an ensem-
establishing and maintaining the AERONET sites used in thisinves- ble Kalman filter technique, Mon. Weather Rev., 126, 796-811,
tigation. The NASA MODIS team is acknowledged for preparing  1998.
and making available MODIS observations. T. Takamura andHunt, B., Kostelich, E., and Szunyogh, I.: Efficient data assim-
K. Aoki are thanked for the SKYNET data they provided. We also ilation for spatiotemporal chaos: a Local Ensemble Transfom
acknowledge the useful comments by two anonymous reviewers Kalman Filter, Physica D, 230, 112-126, 2007.
that helped improve this paper. The first author, N. A. J. SchutgenKalnay, E., Miyoshi, T., Yang, S., and Ballabrera-Poy, J.: 4D-Var or
furthermore acknowledges the help from M. Mukai and D. Goto  ensemble Kalman filter?, Tellus, 59A, 758-773, 2007.
in learning how to use SPRINTARS. Part of this research wasLin, C., Wang, Z., and Zhu, J.: An Ensemble Kalman Filter for
supported by funds from MOE/GOSAT, MOE/GER fund B-083, severe dust storm data assimilation over China, Atmos. Chem.
JST/CREST, JAXA/EarthCARE, MEXT/VL for climate diagnos- Phys., 8, 2975-2983, 2008,
tics, and MEXT/Innovative Program of Climate Change Projection.  http://www.atmos-chem-phys.net/8/2975/2008/
Miyoshi, T. and Yamane, S.: Local Ensemble Transform Kalman
Edited by: J. Quaas filtering with an AGCM at a T159/L48 resolution, Mon. Weather
Rev., 135, 3841-3861, 2007.
Nakajima, T., Yoon, S.-C., Ramanathan, V., Shi, G.-Y., Takemura,
T., Higurashi, A., Takamura, T., Aoki, K., Sohn, B.-J., Kim,
References S.-W., Tsuruta, H., Sugimoto, N., Shimizu, A., Tanimoto, H.,
Sawa, Y., Lin, N.-H., Lee, C.-T., Goto, D., and Schutgens,
Benedetti, A., Morcrette, J.-J., Boucher, O., Dethof, A., Engelen, N.: Overview of the Atmospheric Brown Cloud East Asian Re-
R., Fisher, M., Flentje, H., Huneeus, N., Jones, L., Kaiser, J., gional Experiment 2005 and a study of the aerosol direct radia-
Kinne, S., Mangold, A., Razinger, M., Simmons, A., and Sut-  tive forcing in east Asia, J. Geophys. Res., 112, D24S91, doi:
tie, M.: Aerosol analysis and forecast in the European Centre 10.1029/2007JD009009, 2007.
for Medium-Range Weather Forecasts Integrated Forecast SyNiu, T., Gong, S. L., Zhu, G. F,, Liu, H. L., Hu, X. Q., Zhou, C. H.,
tem: 2. Data assimilation, J. Geophys. Res., 114, D13205, doi: and Wang, Y. Q.: Data assimilation of dust aerosol observations
10.1029/2008JD011115, 2009. for the CUACE/dust forecasting system, Atmos. Chem. Phys., 8,
Bouttier, F. and Courtier, P.. Data assimilation concepts 3473—-3482, 2008,
and methods, ECMWEF training course notes, inter- http://www.atmos-chem-phys.net/8/3473/2008/
net document, hitp://www.ecmwf.int/newsevents/training/ Numaguti, A., Takahashi, M., Nakajima, T., and Sumi, A.: Devel-
rcoursenotes/DATA ASSIMILATION/ASSIM_CONCEPTS/ opment of an atmospheric general circulation model, in: Climate
Assim.concepts21.htmlast accessed: 2006, 1999. System Dynamics and Modelling, edited by: Matsuno, T., 1-27,
Collins, W., Rasch, P., Eaton, B., Khattatov, B., and Lamarque, J.- CCSR, U. Tokyo, 1995.
F.: Simulating aerosols using a chemical transport model withOmar, A., Won, J.-G., Winkler, D., Yoon, S., Dubovik, O., and
assimilation of satellite aerosol retrievals: methodology for IN-  McCormick, M.: Development of global aerosol models us-
DOEX, J. Geophys. Res., 106, 7313-7336, 2001. ing cluster analysis of Aerosol Robotic Network (AERONET)
Dubovik, O., Lapyonok, T., Kaufman, Y. J., Chin, M., Ginoux, P., ~ measurements, J. Geophys. Res., 110, D10S14, doi:10.1029/
Kahn, R. A., and Sinyuk, A.: Retrieving global aerosol sources 2004JD004874, 2005.
from satellites using inverse modeling, Atmos. Chem. Phys., 8,Rodgers, C.: Inverse methods for atmospheric sounding: theory and

209-250, 2008, practice, vol. 2 ofAtmospheric, Oceanic and planetary physics
http://www.atmos-chem-phys.net/8/209/2008/ World Scientific, 2000.

EA team: Data report on the acid deposition in the East Asian re-Schmid, B., Michalsky, J., Halthore, R., Beauharnois, M., Har-
gion, Tech. rep., Network center for EANETttp://www.eanet. rison, L., Livingston, J., Russel, P., Holben, B., Eck, T., and
ccl, last accessed: 2009, 2005. Smirnov, A.: Comparison of aerosol optical depth from four so-

Eck, T., Holben, B., Reid, J., Dubovik, O., Smirnov, A., O'Neill, N., lar radiometers during the fall 1997 ARM intensive observation

Slutsker, 1., and Kinne, S.: Wavelength dependence of the optical period, Geophys. Res. Lett., 26, 2725-2728, 1999.

depths of biomass burning, urban, and desert dust aerosols, $ekiyama, T. T., Tanaka, T. Y., Shimizu, A., and Miyoshi, T.: Data

Geophys. Res., 104, 31333-31349, 1999. assimilation of CALIPSO aerosol observations, Atmos. Chem.
Evensen, G.: Sequential data assimilation with a nonlinear quasi- Phys., 10, 39-49, 2010,

geostrophic model using Monte Carlo methods to forecast error  http://www.atmos-chem-phys.net/10/39/2Q010/

statistics, J. Geophys. Res., 99, 10143-10162, 1994. Szunyogh, I., Kostelich, E., Gyarmati, G., Kalnay, E., Hunt, B.,
Generoso, S., Bon, F., Chevallier, F., Balkanski, Y., Schulz, M., ott, E., Satterfield, E., and Yorke, J.: A local ensemble trans-

and Bey, |.: Assimilation of POLDER aerosol optical thick-  form Kalman filter data assimilation system for the NCEP global

ness into the LMDz-INCA model: implications for the artic model, Tellus, 60A, 113-130, doi:10.1111/j.1600-0870.2007.

aerosol burden, J. Geophys. Res., 112, D02311, doi:10.1029/ 00274.x, 2008.

2005JD006954, 2007. Takemura, T., Okamoto, H., Maruyama, Y., Numaguti, A., Hig-
Ghan, S. and Schwartz, S.: Aerosol properties and processes, urashi, A., and Nakajima, T.: Global three-dimensional simula-

BAMS, 88, 1059-1083, doi:10.1175/BAMS-88-7-1059, 2007. tion of aerosol optical thickness distribution of various origins, J.
Henzing, B.: Aerosol modelling: spatial distribution and effects =~ Geophys. Res., 105, 17853-17873, 2000.

on radiation, Ph.D. thesis, Technical University Eindhoven, the Takemura, T., Nakajima, T., Dubovik, O., Holben, B., and Kinne,

Netherlands, 2005.

www.atmos-chem-phys.net/10/2561/2010/ Atmos. Chem. Phys., 10, 25882010


http://www.ecmwf.int/newsevents/training/rcourse_notes/DATA_ASSIMILATION/ASSIM_CONCEPTS/Assim_concepts21.html
http://www.ecmwf.int/newsevents/training/rcourse_notes/DATA_ASSIMILATION/ASSIM_CONCEPTS/Assim_concepts21.html
http://www.ecmwf.int/newsevents/training/rcourse_notes/DATA_ASSIMILATION/ASSIM_CONCEPTS/Assim_concepts21.html
http://www.atmos-chem-phys.net/8/209/2008/
http://www.eanet.cc/
http://www.eanet.cc/
http://www.atmos-chem-phys.net/8/2975/2008/
http://www.atmos-chem-phys.net/8/3473/2008/
http://www.atmos-chem-phys.net/10/39/2010/

2576 N. A. J. Schutgens et al.: Global assimilation of AERONET observations

S.: Single-scattering albedo and radiative forcing of various Tombette, M., Mallet, V., and Sportisse, B.: Rfyidata assimila-
aerosol species with a global three-dimensional model, J. Clim., tion over Europe with the optimal interpolation method, Atmos.
15, 333-352, 2002. Chem. Phys., 9, 57-70, 2009,

Takemura, T., Nozawa, T., Emori, S., Nakajima, T., and Nakajima, http://www.atmos-chem-phys.net/9/57/2009/

T.: Simulation of climate response to aerosol direct and indirectWhitaker, J. and Hamill, T.. Ensemble data assimillation without
effects with aerosol transport-radiation model, J. Geophys. Res., perturbed observations, Mon. Weather Rev., 130, 1913-1924,
110, D02202, doi:10.1029/2004JD005029, 2005. 2002.

Textor, C., Schulz, M., Guibert, S., Kinne, S., Balkanski, Y., Bauer, Yu, H., Dickinson, R., Chin, M., Kaufman, Y., Holben, B., Ge-
S., Berntsen, T., Berglen, T., Boucher, O., Chin, M., Dentener, ogdzhayeyv, I., and Mishchenko, M.: Annual cycle of global dis-
F., Diehl, T., Easter, R., Feichter, H., Fillmore, D., Ghan, S., Gi- tributions of aerosol optical depth from integration of MODIS
noux, P., Gong, S., Grini, A., Hendricks, J., Horowitz, L., Huang, retrievals and GOCART model simulations, J. Geophys. Res.,
P., Isaksen, I., Iversen, I., Kloster, S., Koch, D., Kirkevg, A., 108(D3), 4128, doi:10.1029/2002JD002717, 2003.
Kristjansson, J. E., Krol, M., Lauer, A., Lamarque, J. F., Liu, Yumimoto, K., Uno, I., Sugimoto, N., Shimizu, A., Liu, Z., and
X., Montanaro, V., Myhre, G., Penner, J., Pitari, G., Reddy, S., Winker, D. M.: Adjoint inversion modeling of Asian dust emis-
Seland, @., Stier, P., Takemura, T., and Tie, X.: Analysis and sion using lidar observations, Atmos. Chem. Phys., 8, 2869—
guantification of the diversities of aerosol life cycles within Ae- 2884, 2008,
roCom, Atmos. Chem. Phys., 6, 1777-1813, 2006, http://www.atmos-chem-phys.net/8/2869/2008/
http://www.atmos-chem-phys.net/6/1777/2006/ Zhang, J., Reid, J. ﬁlestphal, D., Baker, N., and Hyer, E.:

Textor, C., Schulz, M., Guibert, S., Kinne, S., Balkanski, Y., Bauer, A system for operational aerosol optical depth data assimila-
S., Berntsen, T., Berglen, T., Boucher, O., Chin, M., Dentener, tion over global oceans, J. Geophys. Res., 113, D22207, doi:
F., Diehl, T., Feichter, J., Fillmore, D., Ginoux, P., Gong, S., 1029/2007JD009065, 2008.

Grini, A., Hendricks, J., Horowitz, L., Huang, P., Isaksen, I. S.
A., Iversen, T., Kloster, S., Koch, D., Kirkég, A., Kristjansson,

J. E., Krol, M., Lauer, A., Lamarque, J. F., Liu, X., Montanaro,
V., Myhre, G., Penner, J. E., Pitari, G., Reddy, M. S., Seland, &.,
Stier, P., Takemura, T., and Tie, X.: The effect of harmonized
emissions on aerosol properties in global models — an AeroCom
experiment, Atmos. Chem. Phys., 7, 4489-4501, 2007,
http://www.atmos-chem-phys.net/7/4489/2007/

Atmos. Chem. Phys., 10, 2562576 2010 www.atmos-chem-phys.net/10/2561/2010/


http://www.atmos-chem-phys.net/6/1777/2006/
http://www.atmos-chem-phys.net/7/4489/2007/
http://www.atmos-chem-phys.net/9/57/2009/
http://www.atmos-chem-phys.net/8/2869/2008/

