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Abstract

Satellite observations ol aerosol optical depth (AOD) provide information about the variation and
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1. Introduction

Satellite data from the MODIS instruments provide information about aegrosols and chemical components
that influence the awr quality. Such observations can be exploited in monitonng and lorecasting air quality
together with chemical transport models, which describe advection, diffusion and chemical ransformations
ol trace gases and aerosols in the almosphera. Although this does not reduce the air pollution by wsell, it
faciliates increased control of the problem, and gives the authorities the chance (o take immediate actions
to reduce hazards. A sigmificant part ol aerosol pollution s due to anthropogenic emissions. There are
strong evidences that aimospheric aerosols have adverse ellects on human health. According o recent
model estimates, current exposure to PM (Particulate Matter, 1.e. aerosols) [rom anthropogenic sources
leads to loss of B.6 months of life expectancy in Europe. Around 348 000 of premature deaths and some
100 000 hospital admissions can be attributed w PM exposure annually in the EU (25 countries) (WHO,
2006).

Making use ol satellite observations 15 a relatively recent practise in assessing the chemical state of
atmosphere. Until the last decade, ground-based measurements of pollutant surface conceniralions were
mostly employved for monitoring air pollution and for model validations. Compared to ground-based
measurements (surface measurements and remote sensing), air pollution monitoring from the satellites has
several advantages. Covering practically the whole globe, satellite observations represent valuable data for
models evaluation, Tacilitating validations of model resulis for very different chemical and meteorological
regimes, particularly in the regions with a lack of surface monitoring. Furthermore, LIDARs onboard
satellites provide important information about pollutant vertical profiles. Finally, satellite measurements,
available in the near-real time regime, can be assimilated within model forecasts of the chemical weather in
order 1o improve the prediction accuracy.

For optimal use of satellite data in monitoring and forecasiing, all relevant satellite observations should be
integrated with information from a chemical ransport model. The general approaches of data assimilation,
which were developed e.g. for numenical weather prediction, can be adapted and further developed lor
improved momnitoring and forecasting of aerosol air pollution.

As a [irst step towards an operational syvstem for aerosol [orecasting the AeroKval project has focused on
three work packages:

1. Develop and implement an observation operator to the EMEP chemical transpont model, which
simulates aerosol observations [rom the MODIS instruments aboard the Aqua and Terra satellives.

2. Compare model simulation results with MODIS aerosol observations and analyse the resulis.

3. Outhline a strategy for oplimal use ol satellite observations for [orecasting and monitoring ol air
quality.

This report describes the results of work package 1 and 2, whale the results of work package 3 are described
if A separate report
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2. MODIS data

2.1 General characteristics

The Moderate resolution Imaging Spectrometer (MODIS) onboard the NASA polar-orbiting  earth
observation satellites Aqua and Terra detects radiances in the visible and infrared spectrum region over all
oceans and most of the continents at least once daly (Fig. 1). The MODIS aerosol products provided by
NASA include pnmary retrieved parameters (e.g. agrosol optical depth (AOD), Fine mode Weighting and
effective radius) and derived parameters (e.p asymmetry f[actor, backscattering ratio and Angstrim
exponent). Daily Level 2 multi-parameter data are produced in 5 min. orbital swath slices {granules) with
spatial resolution of 10 km * 10 km (at nadir). Each granule is about 2030 km along the orbital path and has
a swath about 2330 km, consisung of 135 * 203 boxes of retrieved Level 2 data, see Fig 2. Each box ol
retrieved data is based on 10 * 10 = 1001 km™ pixels and 20 * 20 = 400 “500 m" pixels. These resolutions
refer (o nadir view. Due to spherical geometry, the size of each “1 km™ pixel increases from 1 km at nadir
to mearly 2 km at the swath edges.

Figure 2; Examples of MODIS images for Spain, north Africa and siwvouwnding N Adantic. Left: Aerosol
optical depth (AQD) observations. The colour scale goes fromm (L0 {purplel o 1.0 fred). Right: MODES
RGB image, fe. representation of measurements from three MODNS channels in a welghted combinaiion of
red, green aind blue.

2.2 Aerosol retrievals

The aerosol retrieval algorithm uses data in the wvisible spectrum region, so only daytime data are
considered for retrieval. The present siudy 15 based on the data from “Collection 57 which are data
reprocessed with the most recent retrieval algorithims. A short description of the retreval algorithm follows.
For further details, see the algorithm description by Remer et al. (2006). The MODIS algorithm uses the
reflectance (p; ). defined as a function of the measured spectral radiance (L), the solar zenith angle (6), and
the solar irradiance Fy in the wavelength band A

T

=L il
Pi = F,, cos(d) )

The reflectance in all MODIS-aerosol channels 15 corrected for extinction by the water vapour, ozone, and
carbon dioxide based on chimatology data. Observations over land and ocean are processed with two
separate algorithms, so each pixel is identified as either land or ocean. If all pixels in the 10x 10 km® box are
considered water, the processing proceeds with the over-ocean retrieval algorithm. Next, cloud, sun ghnt
and sediment masks are applied, and the contaminated pixels are identified and discarded. As clouds
normally show higher varnability in reflectance than aerosols, the cloud mask combines spatial variability
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tests along with tesis of brighiness in visible and infrared channels. Underwater sedimenis can conlaminate
measurements over shallow walers, e.g. near coastlines. The sediment mask takes advaniage ol the strong
absorption by water at wavelengths longer than 1 pm. The resulting spectral reflectances over water with
suspended sediments thus show elevated values in the visible, but not in longer wavelengths. This creales a
unique spectral signature quite difTerent from clear ocean water and also different for airborne dust. The
ocean algorithm 15 designed to retrieve only over dark ocean, i1.e. away [rom sun glint regions. Therefore, a
sun glint mask 15 used in order to avold glint contamination ol retrieved data. Belore discarding, the glint
pixels are checked on the presence ol heavy dust over glint. The over-ocean retrieval makes use ol seven
wavelength bands and a number of extra bands to help with cloud and other screening procedures.

It at least 2.5% of (non-masked) pixels remain in the box, the algorithm proceeds to calculate the aerosol
optical depth in an inversion procedure. The inversion part of the algorithm 13 based on a look-up table
approach with pre-computed spectral reflectances lor a sel ol aerosol and surface parameters. The
climatology wsed for the look-up table 15 mainly based on measurements by sun/sky photometers
(AERONET: Holben et al., 1998). The algorthm provides four line aerosol modes and live coarse modes.
It 15 assumed that a properly weighted combination of one fine and one coarse log-normal aerosol mode
(called “aerosol model™) can represent the ambient optical and physical aerosol properties over the target
Spectral reflectances ol the possible combinations ol modes are compared with the MODIS measured
spectral reflectance to find the “best™ (least-square) it The fL or an “average”™ of several “best™ fis, 15 the
solution to the inversion.

The over-land retrieval algorithm discards pixels with clouds, in-land water bodies and snow/ice. Like the
ocean algorithm, the land algorithm does inversion using a look-up table. It is assumed that one fine-
dominated aerosol model and one coarse-dominated aerosols model (where each may be comprised ol
multiple lognormal modes) can be combined with proper weightings to represent the ambient aerosol
properties. The land retrieval algorithm uses a priori assigned fine aerosol types (“aerosol models™),
depending on the geographical location and the season. Three types of line aerosol models are delined:
non-absorbing {urbanindusirial), absorbing (savanna/grass smoke) and neutral (forest smoke), which are
assumed to be spherical. In addiion, one tvpe ol spheroid aerosol represents coarse dust particles.
Obhservations ol spectral reflectance in three channels are usad lor over-land retrieval of AQD.

2.3 MODIS data used in this work

The data are provided by the Goddard Space Flight Center (NASA), and has been downloaded Irom their
data archive by the interactive web portal hitpd/ladsweb.nascom.nasa. gov/index. himl. MODIS AQD from
the Terra platform is available from 2001 and from the Aqua platform from 2003, We have chosen a subset

ol data representing dilTerent seasons of the vear: Julv-August, November-December in 2003, and March-
April, and July-August in 2004,

The archived aerosol products are swored in muli-parameter Hierarchical Data Format (HDF), as one
granule per file. Each granule consists of 203 (204) 10-km boxes along the satellite track, times 135 10-km
boxes perpendicular to the satellite track. For his work, two dimensional aerosol products have been
extracted from the dow nlmded HDF files, and their hourly and daily averages have been aggregated in the
EMEP grid with 30 x 50 km® resolution (see map in Fig. 4). The aggregated MODIS aerosol data are stored
in NetCDF lormat, which Iacilitates comparison with resulis [rom the EMEP chemical transport model.

2.4 Uncertainties and limitations of MODIS data

In the present work, we have used the MODIS product called “Optical Depth Land And Ocean”, which
contains data for AOQD at 055 pm. This MODIS data set was chosen [or the present work because it

o relies on primary retreved data only;

o has most stringent quality control;

¢ s a joint product, covering both land and ocean.
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The expecied error-bars of AQD are At = & 0.03 £ 005t over ocean and At = & 0.05 + 0,15t over land.
While in general the MODIS retnevals meet the expected accuracy, under certain conditions they do not.
The main data uncertainties over ocean are due 1o the eflect of non-spherical dust and cloud contamination,
particularly low aliitude ice clouds at high latitudes. The main uncertainiies over land are due to cloud
contamination, and surfaces with sub-pixel snow, ice or surlace water (coastal regions, marshes, etc.).
Furthermore, pre-assigned aerosol optical models for over-land retrieval lead 1o either positive or negative

bias for large AOD in many regions. Choosing optimal refractive indices lor the dilferent chemical
components 18 not a straightlorward task, and 15 another source ol uncertainties.

The MODIS algorithm checks and discards pixels in order to avoild different types ol contamination as
described ahnve The algorithm requires that minimum 2.5% of the pixels remain to produce an AQD value
fora 10x10 km box, Further the MODIS AOQD product values are aggrepgated (o give an AOD for each ol

the 50x50 km® EMEP grid cells. The representativeness of MODIS AOD may therelore vary considerably
from grid cell 1o grid cell.

3. Implementation of AOD calculations in the EMEP model
3.1 Short description of the EMEP maodel

The EMEP aerosol model 15 a 3-D Eulerian model, which calculation domain covers the whole Europe. The
model uses a polar-stereographic projection, true at 60°MN, and has a horizontal resolution of 50x50 km®. A
normalized pressure coordinate (o-coordinate) 18 used to deline the model vertically, with 20 lavers
resolving the vertical calculation domain (up to ca. 1N hPa).

The model describes the emissions, chemical transformation, transport, dry and wet deposition of
atmospheric aerosols and their gaseous precursors, as well as the aerosol dynamics processes. The aerosol
model currently uses the simplilied photo-chemical scheme ol the EMEP Unified model and mcludes 14
chemical prognostic Components: T gases - 50, HaS50y, NGO, NO», HNOy, PAN, NHy; and 7 aerosol
components — sulphate f‘-ﬂq ), mitrate (NO2) ammonium (NHy '), anthropogenic primary organic carbon
[APOC), elemental carbon (EC), mineral dust, and sea salt (Table 1). The aerosol waler conlent is
calculated based on the chemical composition of agrosols and ambient relative humidity.

Table I: Size-dependent gerosol parameters calowlated with the EMEFP gevosol model

i S0 MOy MH, EC | AP | Duost | Seasalt | water
Mucleation | | x
D= 0.02 prn X X
Aitken
002 <D=0l um | X X X X X X * X
Accumulation
00 <D=ZX5um | X b X X X X X X x
Coarse
2.5 <D< 10 um X X X X X X »

Here, W is the particle total number concentration, and che others are the mass concentrations of agrosol composents

The model describes the aerosol size distnbution with four size fractions (modes): nucleation (particles
with diameters d < 0.02pm), Adtken (0.02pm < d< 0.1 pm), accumulation (0. Tpm < d < 2. 5pm), and coarse
(2.3pm d < 10.0pm) (Table 1). The underlving assumption 15 that the aerosols are internally mixed and
monodisperse within each of the four size Iractions (1.e. all particles within the same [raction have the same

chemical composition and the same size (Pirjola et al., 2003). The aerosol relevant processes are calculated
in the EMEFP aerosol mode with the agrosol dynamics module MONO32, which accounts lor particle
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nucleation, condensation and coagulation processes (Pirjola et al, 2002). The aerosol model calculates
particle number and mass concentrations lor each aerosol component distributed for the four size modes
and concentrations of PM,, and PM: ¢ (1.e. Particulate Matter, or particles with diameters smaller than 10
and 2.5 pm respectivel y).

Input data to the aerosol model includes emissions of gaseous aerosol precursors, 1.e. sulphur oxides (50,),
nitrogen oxides (NOy) and ammonia (NHz), as well as pnmary PMip and PM: s emissions. The emission
data are Irom the EMEF emission database. All emissions are distributed horizontally over the EMEP grid
and high emissions are distributed between the verucal lavers. Further, the emissions are disaggregated by
month and day-ol-week, using the scaling factors obtained [rom the GENEMIS project (Generation and
Evaluation of Emission Data Project,_http:/genemis.ier.uni-stuttgart.de’). and between day and night.
The chemical speciation of PM emissions 15 made using the inventory of OC and EC emissions in Europe
developed by Kupainen and Klimont (2006). The PM emissions are allocated between organic carbon
(OC), elemental carbon (EC) and inorganic PM (mineral dust).

Presently, there 15 no appropriate information available with respect to size distribution of PM emissions.
Therelore rather crude assumplions are made in the EMEP aerosol model to calculate the size distribution
ol particle emissions rom PM mass emissions. The emissions ol hine OC and EC are disinbuted between
the Aitken and the accumulation fractions. Finally, PM number emissions in the Aitken, accumulation and
coarse Iractions are derived from the PM mass emissions, using assumplions on the particle mean diameters

for each size raction and the densities of PM components (Tsyro, 2003).

Production ol sea salt aerosols [rom sea spray 1s calculated based on parameterisations of Monahan et al.
(1986) and Mirtensson el al. (2003). The parameterisation ol windblown dust is developed based on works

ol Marticorena and Bergametti (1996), Gomes et al. (2003) and references therein. The comprehensive
description ol the EMEFP aerosol model 15 given in Simpson et al. (2003), Tsyro (2004).

3.2 Aerosol Optical Depth calculation

3.2.1 Basics

Aerosol optical depth (AQD) describes the extinction of light beam traversing an atmosphenic layver
containing aerosol particles. Light extinction by aegrosols occurs by attenuation of the incident light due to
scattering and absorption. ADD within the atmospheric layver between z; and z; ( G ) 18 calculated as

= [kl Aor) @)
H |

Here k., 15 the aerosol extinction coellicient at height z. z; and z» are the heights of the layer bottom and
Loy,

(A.r) Nedr (3)

k()= [ C () Ndr = |x-r* -0,
xl rl

where » 15 the agrosol radius, V15 the aerosol number density, #; and ry are the lower and upper radu of the

particle size distribution, Coy 15 the agrosol extinction cross-section, (le, 18 the aerosol extinction efficiency,

so that C_(A,r)=rx e £, . Both Ciy and (e are functions ol the particle size and the light wavelength
(4).

The absorption and scatiering ol light by spherical particles 15 described by Mie theory. The key parameters
that govern the scatiering and absorption ol light by a particle are (1) the wavelength of the incident
radiation, (2) the size of the particle, which are combined in a dimensionless size parameter o= 2@/, and
(3) the complex refractive index of the particle relative 1o the surrounding air: m= n+ik, where n and k

denote the non-absorbing (scatiering) and absorbing parts. Complex refractive index 15 a specific material’s
property, and it 18 believed o apply down 1o the material’s smallest particle. Based on the value ol particle
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size parameter, three main domains ol light scattering can be identilied: Rayleigh scattering (=< 1), Mie
scattering (a =1), and geometrical scattering (a =>>1).

3.2.2 AOD observation operator

We have developed a FORTRAN module, which we call “observation operator”, for simulations of AQD.
This AOD module can either be wsed online within the EMEP aerosol model (as it is done currently) or be
used independently based on the aerosol concentration results from the transport model. In present work,
the observational operator has been used to calculate AOD at only one wavelength of 0.55 pm. However, it
can be used for calculating AOD at any wavelength.

The scheme is based on the Mie scattering mathematical formalism. The particles are assumed (o be
spherical and internally mixed. Two AOD schemes have been tested within the model: a simplified one
based on aerosol mass concentrations and the one using particle number size distribution and Mie theory.

AOD pased on gerosol mass. The tormula for AOD iz derived Irom equation (2) and (3) as

=l =2rld

t=|rrt 0, Ndz= J'E"""“”'ﬂ}-@u.

=1 rlel

zdrl
3 dr dz = J J'm -E_ drdz (4)

4f?j =l rl

where m [g.fmjj 15 the aerosol mass concentration and £, [ml.-'g] 18 the mass specilic cross-section. This 18
implemented in the model as

b gy
r=2, 2im E_ ) Az (5)
=l el

where sy 15 the concentration, £ 15 the mass specilic cross-section lor the aerosol component 1 {5 =1, §),
Az is the depth ol model vertical laver, and A=/ and f=ktop are the bottom and the top lavers in the model.
The values of mass specilic exunciion cross-section lor aerosol components used in the EMEP model are
provided in Table 2.

Table 2: Muss specific cross-sections fm".-"gj. {Tegen et al., 1997; Seinfeld & Pandis, 1997, Kinne et al., 2005)

S0y MOk NHy 0OC EC | Min. dust | Sea salt
Eeu wel B.5 B.5 B.5 5.0 9 0.9 0.4
E..; dry 3.0 3.0 3.0 3.0 9.0 0.9 0.2
GF” 1.7 1.7 1.7 1.3 1.0 1.0 2.0

"GF denotes the Growth Factor of aprosol particles due to adsorption of water by soluble conponents, and is a ratio between the
rading of dry particle and the radivs of the particle with associated water at ambient relative humidity,

YE et represents mass specific cross-sections for wet aercsols, e, implicitly aceounts for acrosol water, “E_drv" are the
nass specific cross-sections for dry aerosels; in the model, they are multiplied by GF to acoount for acrosol water

A based on particle number sige distribution. The lormula Lor AOQD calculation based on the particle
size number distribution 15 wrilten as
e
T er-rl-ﬂm,lﬁ,r}-."n’drdz ()
=l -l
The extinction efficiency 18 calculated using the Mie scattering formalism and based on an eflective

complex refractive index lTor each of the four size Iractions. As a hirst approsimation, the eflective complex
11



relractive index is calculated as the sum of volume weighted complex refractive indices of all aerosol
components, including aerosol water, as

mgg = E fveng + i X veky (T}
where 1 15 the volume [raction of’ a component { 1o the total volume in the size bin (f = 1,8).

It should be pointed out that the effect of aerosol water 15 explicitly accounted for in this approach. The
scattering 15 a complex function of both refractive index and particle size. Increase in ambient relative
humidity leads o a larger water uptake by aerosols, which causes aerosol growth, while both the real and
imaginary parts ol their relractive index tend (o decrease. In lact, decrease in relractive index as relative
humudity increases 1s not large enough to counteract the increase of the particles’ cross-section due to siwze
increase. Thus, aerosol water uplake with increase in relative humidity will lead o an increase in agrosol
scatlering.

This approach pives a reasonable estimate lor eflective relractive index in many cases. However, some
research results indicate that the plain volume mixing approach may slightly exaggerate the absorption
under certain circumstances and suggest using the Maxwell Gamett Mixing rule

3 3 nin.}' [ Emu}' F IV [mﬂ-z —muz}

m,*=m, (%)

mn.l I Emul —*»-"H.{J':l':lm.3 —mul}

(Chylec et al., 1998; Kirkevag et al., 2005) lor elemental carbon, which totally dominates the absorption (k
in Table 3). mge s the relractive index of elemental carbon and mg 18 the sum of volume weighted refractive
indices ol the other (approximately non-absorbing) agrosol components as given in equation (7). We
envisage implementing and testing the Maxwell Garneit Mixing rule on a later stage. The real and
imaginary paris of complex refractive index lor aerosol components adopted in the present work are
provided in Table 3.

Table 3: Real (n) and dmagrinary (&) parts of the complex refraciive index fm = n + k) for different cerosol
components adopted in the EMEP model calewlations

T T MOy | NHSM o EC* Min. dust ' | Sea salt™ | Water™
n 1.43 1.43 1.43 1.53 1.95 1.5 1.56 1.333
k 1 LI 1 0006 0.79 T 0.04125 0.0

The sources are:  Kispke et al. {2006}, ' Bond and Bergstrom (2006}, - Sokolik and Toon {1999). ¥ Hale and Querry (1973

We made use of a code Tor Mie scattering calculations, developed by Mishchenko and Ireelv available on
Internet (Mishchenko, 2005). Running Mie calculations online with the aerosol transport model is very
CPU demanding. We have therelore made a lookup table for extinction elliciency ({1} and extinction
cross-section (C..) at .35 pm. The table allows hinding ¢, Tor a given particle radius and a complex
relractive index (m.g). To optimise the size ol the lookup able, we lirst calculated the possible ranges lor
real (m) and imaginary (&) componenis of the refractive index for A=0.55 pm, changing the relative
contributions ol components in the particle, which covered all possible particle chemical compositions.

Thus, the lookup table made 18 a 3-dimensional table, with r, # and & being the inpul parameters, varying
within the following ranges: 0.5am < » < 20pm, 0.0 < & < 1.0, while the range ol n values changes lor
difTerent £, so that 1.1 < m < 2.5 (the calculated ranges of # shown in Fig. 1, are extended in the lookup table
o assure compulational robusiness). The following increments for these input parameters have presently
been used: the ranges ol n and & values were divided respectively onto 18 and 200 equal intervals, and the
range o » values was divided onto 23 intervals ol a variable size.
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Figure 3: Calculated seaitering fn) and absorbing (&) parts of the effective r'r:jl'j":ir.'.l'e}'e index, m = n +ik, for
A= L3S pm, by changing the volume contribution of each component {namely, SQ,7, NOy, NH, LOC, EC,
mineral dust, seq sall and water) from 0246 (o J00% with a step of 10%. This covers in principle all possible
particle chemical compositions.

Mishchenko’s Mie scattering program allows calculating the agrosol light extinction properties for several
different particle size distributions. Two lookup tables were made: one table lor monodisperse distrnbution
and one table for log-normal particle distribution within each of four size Iractions in the aerosol model.
When calculating Mie-scattering [or log-normally distributed aerosols, we used the same standard
deviations as those assumed in the EMEP model. The resulting extinction efficiencies at 0.55 pm for log-
normal agrosol distribution within the size fractions are somewhat larger than those for monodisperse
aerosols.

Tmplementation of AQD scheme in the EMEP model.

The AOD formula 1s implemented in the EMEP model in a discretised form as
ki
= f l:.."!'.l"l -Hn:r Eﬂl_l } ﬁ:.l ':9}
k=1

where N, r, and (., ;are the number density, the radius, and the extinction efliciency for particles in size
fraction i

AOD 15 calculated at every advection ume step (20 min) based on model calculated concentrations of
aerosol components and particle number densities tor the four size modes in all model vertical layers. The
lookup table for aerosol extinction efliciency was used as an input in the EMEP model. At each advection
time step, new eflective real and imaginary parts ol complex refractive index, 1.e. » and &, are calculated.
Together with calculated particle radius, m and & are used 1o find extinction efficiency Irom the lookup able
by a linear interpolation of tabulated {.. with respect to », i and &



4. Preliminary model AOD results and comparison with MODIS
data

4.1 AOD distribution over Europe

The EMEP aerosol model has been used o calculate AOD at 0.55 pm wavelength for the years 2003 and
2004. Three difTerent approaches (schemes) to calculate AQD have been tested and presented in this report.
These are: 1) AOD based on aerosol mass concentrations and using the mass specilic scallering cross-
sections (herelorth, mass-based AQD), 2) AOD based on aerosol size number distribution vsing Mie
scattering lookup table for monodisperse aerosols (hereforth, Mie-mono AOQDY), and 3) AOD based on
aerosol size number distribution vsing Mie scattening lookup table for log-normally distributed aerosols
(herelorth, Mie-lognor ADD) within the size Iractions. Examples ol first model resulls [or agrosol optical
depth are given in Figure 1, which shows annual mean calculated maps of AOD at 00.35 pm wavelength
over Europe for 2004, ADD shown in Fig. 1{a) has been calculated using the aerosol mass-based scheme,
while AOQD in Fig. 1(b) and 1{c) has been calculated based on aerosol number size distnibution, using Mie
scattering lormulation for monodisperse and log-normally distributed particles respectively.

The distribution of mass-based AQD appears to be considerably aflected by Saharan dust, which is a result
ol calculated large concentrations ol light-scattering dust. On the other hand, in the distribution of Mie-
based AOD, the contributions 0 AQD from secondary inorganic agrosols, S(]qz' (with max due o Etna
emissions), MNOs and NI " itypical max in Benelux), and sea salt agrosols over sea are pronounced in the
geographical AOQD distrnbution. It 15 seen that calculations based on Mie-lognor approach vield the largest
AOD values than Mie-mono ACOD all over, and larger than mass-based ADD over Europe.

Some ol likely reasons for the discrepancies between modelled mass-based AOD and Mie-based AOD are:

1. Dafferent model ability with respect to reproducing agrosol mass concentrations and aerosol number
concentration and size distribution. The model calculates agrosol mass concentralions more accurale
than aerosol number size distnbution due to the lack of data on particle emission size distnbution
and uncertainties in modelling aerosol dynamics processes;

2. Dalterent approaches lor calculating aerosol scatiering properties. Namely, mass specilic scaflering
cross-section, same for both [ine and coarse aerosols, have been used or mass-based AOD, while
complex relractive indices have been used to calculate aerosol scattering elliciencies lor four size
fraction in Mie-based AOD. The latter approach 15 believed to be more physically sound and
adequate.

3. IDnfterent treatment ol aerosol water. For mass-based ADOD, aerosol water has implicitly (rather
crudely) been accounted in mass specilic scattering cross-sections of soluble components, while in
Mig-based AOQD scheme, extinetion by aerosol water is explicitly calculated for each size fraction.

Figure 5 shows the seasonal vanation ol model calculated AOD in 2004, Calculated AOD 18 larger in a
winter-garly spring period (e.g. March and December) compared to summer (July) over most ol Europe.
This 15 due to larger anthropogenic emissions (in particular, from residential and commercial combustion
sources) and because of more stable atmospheric conditions nhibiting pollutant dispersion and less
glTicient dry deposition.



Figure 4: Annual mean calowlated AGD for 2004 (a) based on the simplified scheme wsing gerosol mass
concentrations (mass-basedAOQD) gnd based on Mie scattering for (b)) monodispersefMie-mono) and (c)
fog-normalfy distributed (Mie-fognory aevosol

Figure 5: Seavonal vartation of coleulated A0D fn 2004, Monthly mean Mie-lognor AOD for: (o) March,
b} July, and (e) December

4.2 Comparison with MODIS data

Model calculated AOD has been compared with MODIS AOQD retrievals for several periods representing
different seasons, namely, July-August and Movember-December in 2003 and March-Apnl and July-
August in 2004 (see Section 2). Daily mean AOD values Irom the model and MODIS data have been
compared for grid cells of the EMEP grid. To provide a more consistent comparison, calculated AOD have
been averaged for hours with the sunlight and with cloud cover less than 50%% in the model.

Fig.6 shows some examples ol daly mean modelled and MODIS ADD, for arbitrary days: 1 August and |
December 2003, and 1 April 2004, A very gpood match between calculated Mie-lognor AOQD (Fig.te,
middle panels) and MODIS AOQD (Fig.6c, lower panels) 15 obtained for 1 April 2004, For this day, the
model capures very well the pattern ol enhanced AOD, over the North Atlantic and the North Sea due to
sea salt spray, siretching across Germany and Czech republic easiwards, in the Po Valley. Also for |
August 2003, the model reproduces quite well the pattern of MODIS retnieved AOD over most ol Europe
(Fig.6a). For instance, it captures the enhanced AOD over Benelux and Denmark, over Hungary, Austna
and Bulgaria, in the N. Atlantic west to Ireland and the Mediterranean Sea. On the other hand, the model
does not reproduce rather high AOD due to Saharan dust intrusion in the south of Spain, which was
detected by MODIS. The maps for 1 December illustrate the situation with much worse data coverage ol
MODIS ADD data. ADD retrievals werg missing for almost entire Europe, probably doe to the presence ol
clouds, snow/ice coverage (short or absent light dav) in higher latitudes. Also, calculated mass-based AOD
are shown for 1 August and | Apnl 2004 (Fig. 6, upper panels).
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Figure 6: Examples of modelled Mie-lognorA QD (middel panels) and moss-baved AOD {lower panels),
compared with MOINS AQD dota (upper panels) of (L35 gm o wavelength: fa) 1 Auguse 2003, (b 1
Decentber 2003, and (o) 1 April 2004,

4.2.1 Comparison of AOD spatial distributions

Table 4 provides a summary of comparison statistics (relative bias and spatial correlation coethicient)
between model calculated and MODIS retrieved AOD for the EMEP grid. Here, model and MODIS 0.35
pm ACD are compared at each grid cell for the four 2-month pernods. The comparison has been made for
the whole EMEFP area and for model AOD calculations using the three different approaches: based on
aerosol mass concenirations [mass-based), and based on Mie dispersion using a monodisperse aerosol
distribution within each size Iraction { Mie monodisperse) and a log-normal distribution (Mie log-normal).

The model calculated AOD is lower compared o MODIS retreved AOD in all cases. The best
correspondence with MODIS data 15 found Tor AOD calculated using Mie-lognor approach. In this case, the
model negative bias is in the range of -31 1o -55 % lor summer and spring months 2003-2004 and -11% for
Movember-December 2003, The spatial correlation between modelled and MODIS retneved AOQD 15 rather
poor for all seasons, being somewhat better for summer months July and August (0035 in 2003 and 0.26 in
2004). Using Mig-mono approach gives larger model underesiimation of MODIS AOD and lower spatial
correlations between calculated and retrieved AQD.

Resulis from mass-based AQD calculationg lie somewhere between those using Mie scattering with

monodisperse and log-normal particle distribution. The model calculated AOD 18 about T0% lower than
MODIS AOD for summer months in 2003 and 2004, and it 15 32% lower for November-December 2003.
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These results are consistent with verification ol model PM:s surface concentrations with EMEP
measurements, which shows that calculated PMz < 15 32% lower than measurements in summer compared (o
10% in avtumn and 17% in spring for 2004 (Tsyro, 2006 and 2007). The spatial correlation between
mpdelled mass-based AOD and MODIS data varies from 0,30 o 0.45 for diflerent seasons, which is a
better result compared to Mie-based AOD calculations.

Tabfe 4: Relotive bias and spatial corvelation cogfficient of comparison between model caloeulated Mie-
based  (monodispersel AQD, Mie-baved flog-normal, and mass-based AQD compared with MODIS
retrieved AQD for the EMEP gvid.

Bias (%a) R Bias (% R
2003 I

Mig-lognor ACT

Jul-Aug -52 0.35 Jul-Aug -54 0.26

Nov-Dec -17 0.11 Mar-Apr =51 011
Mig-mono ACOD

Jul-Aug =79 0.31 Jul-Aug -82 017

Nov-Dec -58 0.07 Mar-Apr =77 011
Mass-based AOD | |

Tul-Aug -64 0.4 Jul-Aug =71 0.36

Nov-Dec -32 0.30 Mar-Apr -2 0.36

Examples ol the scatter-plot for modelled versus MODIS AOD {0.55 pm) for the EMEP gnd for
MNovember-December 2003 and July-August 2004 are given in Fig. 7.
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Figure T: Scavter-plol for modelled vevsus MODIS AQD (L35 pm) for the EMEP geid jfor November-
Degentber 2003 and Julv-Augusy 2004,

4.2.2 Comparison of AOD temporal variations

Dailv mean model calculated AOD has been compared with MODIS data lor a number ol grid cells,
representing different regions in Europe. Companson stalistics between modelled and MODIS AOD lor
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sevieral selected areas are summarised in Table 8 (Note that varying number of grid cells were included lor
difTerent areas).

Tabfe 8: Comparison of modelled and MODHS AOD for several selected areas {fog-normaf)

July-Aug 2003 MNov-Dec 2003 | March-April 2004 | July-Aug 2004
Area Bias (%) | R |Bias(%)| R |Bias(%)| R |Bias(%)| R
Benelux -33 0.53 - - -18 0.54 -41 0150
UK -39 0.63 23 L&87 -23 0.45 47 | 0.53
Central Europe 44 0.61 33 0.48 -28 0.30 54 | D4R
SE Europe -37 0.66 8 0.17 -26 0.37 29 | D41
central Russia -59 0.67 -14" (.29 -64 0.24 -56 018
southern Norway -63 0.21 - - -63 0.37 71 0144
Mediterranean Sea -24 0.03 -18 0.0 -51 0.0 26 | 0.23
Southern N. Atlantic .53 0.28 -33 0.32 .50 0.35 -59 .00

4 Orady 200-25% days with dara i the considered period

The main lindings from the comparison are:

o  Ower land, the model ADD underestimation tends (o be larger in summer months, varying mostly
between 30 and 70%. This 15 because of larger model PM underestimation in summer than in other
semsons due to not accounted aerosol sources (e.g. secondary organic aerosol, bio-aerosols and
emissions [rom lorest fires). On the other band in cold months, the model AQD resulis are closer (o

or even shightly overestimate MODIS AOQD (though much less MODIS AOD retrievals are
available for autumn-winter season).

o  With a few exemptions, the temporal correlation 15 better for summer months (mostly between (0.4
and 0.65) than in other seasons over land.

o Ower remote sea areas (e.g the southerm part of North Atlantic), model underesumates MODIS
AOQD by 30 1o 60%. The temporal correlations Tor sea areas are rather poor (below 0.3) and are
particular low for the Mediterranean Sea.

o For the hirst time model calculated aerosol properties could be compared with measurements Lor
such regions as in Russia, in south-eastérn Europe and Mediterranean Sea (examples in Fig, B).

o Also here, AOD modelling using Mie scattering approach calculated AOD values for log-normal
particle distribution are larger than AOD calculated for monodisperse particles (not shown).
Consequently, calculated Mie-lognor AOD 13 closer to MODIS data than Mie-mono AQD. Also, the
correlation between modelled AOD and MODIS AOD appears to be better in the case ol log-normal
particle distribution.
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Figure 8: Datly time-sevies of modefled and MODIS AOQD for areas fn Ewropean part of Russia (lefi paned)
and in Sowthern Ewrope, fe. parts of Greece, Albania and Mocedonia {right panel) for July-duguse 2003,

4.2.3 AOD and surface PM2.5 at EMEP sites

The EMEP model has so far been extensively validated with surface data from EMEP monitoring network.
Measurements ol PM surface concentrations have been available from EMEP sites since 1999, and
comparson results of calculated PMyg and PMas with observations are presented in EMEP repors
(downloadable Trom hitp:/‘www/emep/int). Here, we have made a hirst atiempt 1o look at both caleulated
and measured surlace PMa 5 and AOD lor the same locations. We have compared AOD calculated with the
EMEP aerosol model with MODIS AOD retrievals for the grid cells with the EMEP sites, where surface
measurements of PM: < were available for 2003 and 2004, Main resulis are outline below.

For summer months (July - August), the model underestimations of MODIS AQD lie between 20 and 55%
in 2003 and between 30 and 70% in 2004. The temporal correlation 18 fairly good (mostly 0.3-0.6) in
Central and northern Europe, but it gets worse [or some Spanish sites (0.2-0.3). This indicates that a further
improvement of windblown dust calculaton is needed; including making use ol daily Saharan dust luxes
for boundary conditions (monthly Saharan dust concentrations are presently used). Somewhat better
correlatons are Tound for 2003 than for 2004,

For spring months (March - Apnl 2004), fewer days with MODIS AOD retrievals than for summer months
15 available. The model underestimates MODIS AOD by between 25 and 55%. The correlation resulis are
rather mixed for different sites, with the correlation coethicients varying between 0.0 and 0.6.

For late autumn-winter period (November-December 2003 ), very little AOD retrieval data 15 available [rom
MODIS for central and northern Europe, as mush data get likely discarded through cloud masking and due
to snow/ice surface cover. For some Spanish sites, where MODIS data were available for more than 25% of
the days, the model underestimation ranges between 15 and 73%, and the correlation coeflicients lie mostly
between 0.2 and 0.4,

Figure 9 shows daily ume-series ol model calculated and MODIS AOQD for four EMEP stations.

A joint analysis of PM: ¢ and AOQD results has been made for summer months, for which more MODIS
retrieval aerosol data is available. Rather mixed correlations between observed surface P o and MODIS
AQD are lound for 18 considered stations. In general, the correlation between measured PM: 5 and AOD 15
better for sites in Southern Europe (Spain and Italy), lving mostly between 0.45 and 0.7, whale it 15 lower in
Central and MNorthern Europe (between 0.2 and 0.5) (Fig. 10).

It iz interesting to note that for many sites, the correlation between modelled and MODIS AQD 15 in lact
higher than that between calculated and measured PMa 4, especially for summer 2003, For instance, the
respective correlations are (.53 and 019 for Swiss site Chaumont, 051 and 0.22 for Italan site Ispra, 053
and 0.17 tor Spanish site Visnar (Fig. 10).
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Figure 9: Daily time-series of modelled 40D and MODIS AOD jor some EMEP stations: upper panel-
Birkenes (Norway), Aspvreten (Sweden) and Langenbriigge (Germany) for July-duguse 2003 lower panef

— far Cabo de Creus for July-August and November-December 2003, and March-April 2004.
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Figure 10: Daily time-series for EMEP sites Visnar (Spain), Chaumont (Switzerland) and Ispra (Tralv) of:
Left panels - measured and calewlated PM: s and caleulated and MODIS AQD {multiplted by 25 1o fit with
PM seale); all corvelations are with measured PM s; Right panels - calculated and MODIS AOD.
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4.3 Result uncertainties

Comparison ol these first simulated AOD resulis from the EMEP aerosol model with MODIS AOQD
retrieval data has in general shown a fair agreement in terms of bias and temporal correlations However, the
spatial correlation for the whole EMEP grid 15 not satisfactory. Also, considerable discrepancies between
modelled and MODIS AOD are found for some periods and regions. While analysing the results, it 18
important 1o keep in mind that there are non-negligible uncertainties in both the model AQD resulis and
MODIS AOQD retrievals.

4.3.1 Uncertainties in MODIS AOD data.

Among the main uncertainties in MODIS AQD retnevals are those due to:
e over ocean — some clouds and sun glint data contamination; dust with non-spherical geometry;
o over land — uncertainties in surface relflection: sub-pixel snow, ice or surface waler; cloud data
contamination.

Dependant on how many contaminated pixels were discarded, each of 30x50 km® EMEP grid cell may
aggregate a different amount o AOD data. This means that grid cells will have varying data coverage and
that the representativenass of MODIS AOD data will vary from grid cell to grid cell.

Besides, MODIS AOD retrieval algorithims rely upon prescribed aerosol types (“aerosol models™), which
are assigned pre-compuied optical properties, based on AERONET data. An “aserosol model” consisis ol
one line and one coarse aerosol mode, which are chosen from among lour fine and live coarse pre-
described aerosol modes in the over-ocean retrieval algorithm. In the over-land retrieval uses a prion
assigned line aerosol tvpes for four seasons, aggregated on 17 x 17 grid globally.  For instances, the non-
absorbing “acrosol model”, representing urban/industrial pollution, 18 chosen for Western Europe, whereas
neutral agrosol type (generic/forest fires aerosol) 15 assumed the rest of the EMEP grid. This means that the
ambient aerosol profiles and composition as assumed in MODIS retrievals and calculated with the EMEP
model will differ.

Moreover, MODIS retrieval algorithm does not seem (o take into account the dependence ol aerosol optical
properties on ambient relative humidity. Furthermore, the complex relractive indices are not necessarily the
same in the model and MODIS retrievals (e.g. we have assumed somewhat smaller scattering for soluble
particles and larger absorptions for black carbon than used in MODIS retrievals). Thus, the optical
properties of aerosols will differ in the model and MODIS calculations. This is another likely cause of
discrepancies in modelled and MODIS AOD.

4.3.2 Uncertainties in modelled AQOD.

The correctness of model AOD resulis depends, on one hand, on the model’s ability to accurately calculate
aerosol atmospheric concentrations and size distribution and, on the other hand, on the accuracy with
respect o modelling aerosol optical properties. The latter relies on the choice of complex refractive indices
for different aerosol components and on how the eflective refractive indices are derived, and it depends on
the representation ol aerosol size distribulion.

AOQD modelling using Mie-dispersion algorithm for size-resolved aerosols 15 based on model calculated
particle number concentrations and size distribution, which in turn, are associated with considerable
unceriainties. This i mainly because ol the lack of data on the size distribution of particle emission and
missing aerosol sources, but also due o uncertanties in modelling aerosol dynamic processes, 1.e.
nucleation, coagulation and condensation. On the other hand, using complex relractive indices to calculate
extinction efliciencies and cross-sections lor size-resolved particles represent a sounder parameterisation
than the mass-based one. 5ull, there are uncertainties i complex relractive index values for dilflerent
aerosol components, uncertainties related to aerosol mixing state and thus derivation ol the effective
refractive index. Furthermore, particle deviation from a spherical form assumed for Mie-scattering
calculations gives nse 1o maccuracy in AQD modelling, especially for dust dominated aerosol loading.
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A mass-based AOD scheme makes use ol model calculated mass concentrations ol diflerent aerosol
components. As shown i annual EMEP reports (e.g. Tsyro, 2004 and Tsyro, 2006), model performance for
aerosol mass 15 presently better than its performance lor particle number concentrations and size
distribution compared o observations. However, our resulis indicate that AOD modelling based on the
aerosol total mass 15 less accurate than AOD calculations based on size resolved aerosol extinction
elliciencies (AOD Mie-lognor) in terms of reproducing MODIS AOD maps (Fig.6). In particular, the eflTect
of light extinction by Saharan dust 15 exaggerated in mass-based AOD calculations.

4.3.3 Sensitivity tests of AOD results to primary emitted particle sizes.

As it was described in Section 3.1, there is presently no appropriate information about the size distribution
ol primary particles emitted from anthropogenic sources. In the EMEP model, rather crude assumplions on
the size of primary particles were made in order 1o derive the number of particles emitted in the Aitken and
the accumulation fractions Irom primary PM: < emissions.

Preliminary sensitivily tesis have shown that decreasing the diameters of primary emitied Adtken particles
from 004 pm to 0,03 pm and accumulation particles from 0.4 pm w 0.3 pm leads to increases of the annual
mean particle number concentrations by T3-120% in the Adken f[raction and by 35-T5% i the
accumulation fraction (Fig.11, lelt). At the same time, annual mean diameters ol Adtken and accumulation
particles have decreased respectively by 5-15% and by 10-17% (Fig.11, muddle) (diameters ol Aitken
particles increased by 5-10% over ocean). The combined effect ol increased particle number and decreased
particles size 18 a general decrease ol AQD by 5 o 20% over land and by 1-3% over the ocean. Thus, in this
case, the eflect ol decreased aerosol scatlering cross-sections overrides the eflect ol increased particle
number.

L oro ELARpTRE

Figure 11 Relotive changes in the annual mean number (left) and diameter {middie} of accumulation
particles, and ACQD, ax the divgmeter of primary emitted Aftken particles decrease from (.04 gm to (003 um
and the diameter primary emitted accwmulation particles & decreased from 0.4 wm fo 0.3 gm. Year: 2004

5 Summary and outlook

An “observation operator” w0 the EMEP aerosol model has been developed for simulations ol Aerosol
Optical Depth (AQD), which can be either operating online within the model or independently using
aerosol concentration results from the transport model. In the present work, the observational operator has
been implemented in the EMEP aerosol model. Two AOQD calculation schemes have been tested within the
model: a simplilied one, based on asrosol mass concentrations, and the one based on the Mie scattering
mathematical formalism for size-resolved particle number concentrations. The particles are assumed o be
spherical and internally mixed. In this work, we have calculated AOQD at a wavelength of 0.55 pm, for
which MODIS *Joint ocean-and-land™ AOD product 15 available.

To achieve CPU eflicient AQD simulations, the model emplovs a prionn prepared a look-up table for
particle extinction elliciency. Two lookup tables have been made using a Mie scattering program
developed by Mishchenko (2005): one for monodisperse particles and one for log-normally distributed
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particles within each ol four size fractions in the aerosol model. The resulting extinction efliciencies lor
log-normal aerosol distribution are somewhat larger than those for monodisperse agrosols.

In this report, we present calculation results of AOQD at 0.55 pm for the yvears 2003 and 2004, using three
different approaches: one scheme based on aerosol mass concentrations, and two schemes based on size-
resolved aerosol numbers and using Mie scattering lookup table for monodisperse aerosols and for log-
normally distributed aerosols.

Model calculated AOD has been compared with MODIS AOD retrievals for [our 2-month periods in 2003
and 2004, representing difterent seasons. On average, model calculated AOD s lower compared to MODIS
data for all seasons. The best commespondence with MODIS data 15 found lor AQD calculated using Mie-
log-normal approach. In this case, the model negative bias 15 in the range of <51 to <55 % [or summer and
spring months and -11% lor late autumn-winter months. The spatial correlation between modelled and
MODIS retrieved ADD 15 rather poor [or all seasons, being somewhat better for summer months July and
August (035 in 2003 and 0.26 in 2004).

Model calculated daily AOD has been compared with MODIS data for a number ol grid cells representing
different regions in Europe and also for the grid cells with EMEP monitoring stations. Over land areas, the
model AOD underestimation tends to be larger lor summer months (30-70%), which 1s probably due to not
accounting for secondary organic agrosol, bio-aerosols and emissions [rom forest fires. For cold months,
the model appears 1o shightly overestimate MODIS AOD over land, though much less MODIS AOD
retrievals are available for these months. With a few exemptions, the temporal correlation 15 better for
summer months (mostly between 0.4 and 0.65) than in other seasons over land. Over remole sea areas (e.g.
the southern part of North Atlantic), model underestimates MODIS AOD by 30-60%. The temporal
correlations for sea areas are rather poor (below (0.3) and are particular low for the Mediterranean Sea.

Using the assumption of monodisperse aerosols in the size fractions, gives a larger model underestimation
of MODIS AOD and lower spatial correlations between calculated and retneved AOQD compared 1o the
results wsing log-normal particle distnbution. The results from mass-based AQOD calculations are
somewhere between those using Mie scattering with monodisperse and log-normal particle distnbution. It
should be pointed out that employving the satellite data has allowed [or the Tirst time evaluating modelled
aerosols with measurements for a number ol regions where no surlace aerosol observations are available
(e.g. Russia, south-eastern Europe and Medilerranean Sea).

For the EMEP sites with measuremenis ol surface PM concentrations, we have made a joint analysis of the
resulis for both calculated and measured surface AOD and PM:s. Rather mixed correlations between
observed surface PM:s and MODIS AQD are found for different stations. In general, the correlation
between measured PM: ¢ and AQD 15 better for southern European sites, lying mostly between 0.45 and
0.7, while it 18 lower for central and northern Europe (between 0.2 and 0.5). The interesting result 15 that for
many siles, the correlation between modelled and MODIS AOQD 15 higher than the correlation between
calculated and measured PMz s, especially lor summer 2003,

Summarising, hirst model calculations of AOD at 0035 pm and comparison ol the model results with
MODIS AOD retrievals has shown [airly promising resulis. However, it 18 recognised that the uncertainties
in both model results and MODIS data may affect the comparison results. The main uncertainties in
modelled AOQD are those associated with the size distribution of primarnly emitted particles, with aerosol
dynamics parameterisations, with the aerosol mixing state in refractive index computations, and the eflect
ol non-spherical particles. In future, it 15 envisaged to perlorm a series of sensitivity test to study the effects
of diflerent uncertainties on model AOD result.
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