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Prognostic Aerosols in the ECMWF IFS: MACC vs. GEMS Aerosols EECMWF

Abstract

Prognostic aerosols were experimentally introduced irBG&MWF Integrated Forecasting System
as part of the GEMS project in 2005. Their representationnefised as part of the MACC project,
starting in 2009. Differences between the two systems atediscussed and results of comparisons
of aerosol optical depth with satellite and AERONET groutadisn observations are discussed.

1 Introduction

Nowadays, most of the GCMs used for climate studies haveidied a description of aerosols and of
their effects on radiation and cloud fields. If prognosticogels in climate GCMs are now standard

features, their introduction in global weather forecastigis is much more recent. The model from the
European Centre for Medium-range Weather Forecasts (ECMW$& had since the 1980s a climato-
logical representation of the main aerosol types, first fianré et al. (1984), which was superseded
in 2003 by climatologies derived as monthly means from clalransport model simulations (Tegen

et al., 1997). At the time, such a change in aerosol climgteiowas shown to be able to affect the
meteorology both locally (Tompkins et al., 2005) and reryotierough teleconnections (Rodwell and

Jung, 2008).

As part of the GEMS project (Global and regional Earth-gysMonitoring using Satellite and in-situ
data; Hollingsworth et al., 2008), the ECMWF has developedssimilation system to include observa-
tions pertaining to greenhouse gases, reactive gases asbke In the ECMWF/GEMS configuration,
the Integrated Forecast System (IFS) in the computatioheofrajectory forecast used in the assimila-
tion, has been extended to include a number of tracers, vanehdvected by the model dynamics and
interact with the various physical processes.

ECMWEF first produced a reanalysis for the years 2003 to 20@&h from July 2008 used the same
experimental system for pre-operational near-real tinadyais and forecast (see GEMS web address in
reference). With respect to the aerosols, sources havd#dammsadded to the model, and a representation
of the aerosol physical processes (namely the interactibtie aerosols with the vertical diffusion and
the convection, plus the sedimentation, dry depositionvegiddeposition by large-scale and convective
precipitation) are now part of the package of physical pataisations of the ECMWF IFS model (Mor-
crette et al., 2009). Details of the analysis of MODIS datadnstrain the initial values of the aerosols
at the start of the forecasts can be found in Benedetti e2@09).

During GEMS, the aerosols were not interactive with eitlherrnodel radiative or cloud processes, and
the radiation fields were computed using the monthly meanattlogical distributions of aerosol. As
part of the follow-up MACC project (Monitoring Atmosphericomposition and Climate; Simmons,
2010), the aerosol analysis and forecast system has betmerfuteveloped to allow the prognostic
aerosols to interact with the rest of the model. Resultstigr $tudy are presented in another paper.
Here we only compare the aerosols produced by the MACC aralpsl subsequent forecasts to similar
aerosol parameters produced during GEMS.

Section 2 quickly describes the various model configuratissed in the study. Results are presented in
Section 3. Conclusions and perspectives are discussedtioisd.
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Figure 1. The month-by-month total aerosol optical depthZ003, derived from the MODIS spectroradiometer
on the Aqua satellite. January is top left, February is taghti other months follow in a similar way.
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2 Model description and experimental design

A detailed description of the ECMWF forecast model inclgdaerosol processes is given in Morcrette
et al. (2009).

The initial package of ECMWF physical parametrisationsickted to aerosol processes mainly follows
the aerosol treatment in the LOA/LMD-Z model (Laboratoir®pgtique Atmosphérique/Laboratoire
de Météorologie Dynamique: Boucher et al., 2002, Reddsl.et2005). Five types of tropospheric
aerosols are considered: sea salt, dust, organic and kdalskrc and sulphate aerosols. A prognostic
representation of the stratospheric aerosols is not iedutere, as it was not part of GEMS and was
not available to be included in MACC. Instead, the stratesichaerosols are the climatological ones
available as part of the ECMWF operational IFS. In the foltayy all results correspond to a version
of the ECMWF model with prognostic tropospheric aerosold elimatological stratospheric aerosols.
Similarly, the emission of aerosols by volcanoes is notgmei the following results. Both types of
aerosols will be considered in a later stage of the intradnatf aerosols in the ECMWEF IFS.

For all tropospheric aerosols, sources are defined, thensatttion of all particles, and the wet and dry
deposition processes are represented. For organic mat#rgnd black carbon (BC), two components,
hydrophobic and hydrophilic, are considered, and the tearicom hydrophobic to hydrophilic is also
included. The sulphur cycle is considered via a precursoabie SO, transformed in a sulphate aerosol
(SQy) with a time-scale simply dependent on latitude (as in Hueed Boucher, 2007).

A bin representation is used in this study to include protjo@erosols of natural origin (taken to mean
sea-salt SS and dust DU). The maximum flexibility regardhnglimits of the bins for the sea-salt and
dust aerosols is allowed in the model. In the following, tha-salt aerosols are tentatively represented
by 3 bins, with limits at 0.03, 0.5, 5 and 20 microns. Similathe desert dust aerosols are represented
by 3 bins with limits at 0.03, 0.55, 0.9, and 20 microns. Thevadimits are chosen so that roughly 10,
20 and 70 percent of the total mass of each aerosol type ane watious bins.

The natural aerosols (SS, DU and dimethyl-sulphide DMSgtilagir sources only linked to some prog-
nostic and diagnostic model variables. In contrast, thierapbgenic aerosols (organic matter OM, black
carbon BC an&&Qy) have their sources read from external data-sets. Soufeesaealt and desert dust
are interactive with surface and near-surface variabléseofmodel. Sources for the other aerosol types
linked to emissions from domestic, industrial, power gatien, transport and shipping activities, are
taken either from the GFED (Global Fire Emission DatabaS@EW (Speciated Particulate Emission
Wizard), and EDGAR (Emission Database for Global AtmosighiResearch) annual- or monthly-mean
climatologies. More details on the sources of these aeg@sel given in Dentener et al. (2006). Emis-
sions of OM, BC an& G, linked to fire emissions are obtained using the analysis oEN8and SEVIRI
satellite observations, with GEMS using GFEDv2 and MAChgSGFEDV3.0 (Kaiser et al., 2009,
2011).

Several types of removal processes are considered, i/ yhdeghosition including the turbulent transfer
to the surface, ii/ the gravitational settling, and iii/ twet deposition including rainout (by large-scale
and convective precipitation) and washout of aerosol gagiin and below the clouds. The wet and
dry deposition schemes are standard, whereas the sediioerafiaerosols follows closely what was
introduced by Tompkins (2005) for the sedimentation of iegtiples. Hygroscopic effects are also
considered for organic matter and black carbon aerosols.

Compared to the climatological aerosols, the prognostiosmds display an increased temporal, horizon-
tal and vertical variability, and each of the aerosol congoas may now directly respond to the variations
in relative humidity.
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Figure 2: The month-by-month total aerosol optical depthZ@03, from the GEMS aerosol reanalysis (see text).
January is top left, February is top right, other monthsdallin a similar way.
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Figure 3: The month-by-month total aerosol optical depth4003, from the MACC aerosol reanalysis (see text).
January is top left, February is top right, other monthsdallin a similar way.
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Figure 4: The month-by-month total aerosol optical deptnfrthe operational aerosol climatology, derived from
Tegen et al. (1997). January is top left, February is top tigither months follow in a similar way.
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3 MACC vs. GEMS

Even without considering changes to the representatioheoptognostic aerosols, the two reanalyses
differ by the model horizontal resolution and the cycle & tiperational library: GEMS was run with
T 159 L60 model, with a grid o{f1.125deq2 , and the version 32R3 of the libraries made operational in
November 2007, whereas MACC was run with the55 L60 model, 40.70ded? grid and cycle 36R1

of the libraries made operational in January 2010. Betwheget two cycles, a significant number of
changes were made to the model package of physical paraatitnis (revised entrainment in the con-
vection scheme, revised melting of falling snow, revisdfudion coefficients in the vertical diffusion
scheme, revised turbulent orographic form drag, revisedvstheme, introduction of a non-orographic
wave scheme, and revised trace gas climatology). Simitadgifications were brought to the assimi-
lation system and dynamical schemes (conserving intefipolacheme for trajectory fields in 4D-Var).
All of the above changes obviously affect the analysis ofsfamdard meteorological fields of pressure,
temperature, and wind, which is the background informatipon which the analysis of aerosols is
performed.

Both the GEMS and MACC systems are based on assimilation dDM@erosol Optical Depth (AOD)

at 550nm. However they differ fundamentally in the way theeslations constrain the analysis through
a different definition of observation errors, and the intrctibn of a variational bias correction. Changes
in the background errors were also made, but those were stwolaminor and went into the direction
of de-emphasizing the role of the first-guess in favor of theeovations. These changes were intro-
duced because the GEMS reanalysis was shown to be biasedegjitbict the assimilated observations
(Benedetti et al, 2008). In-depth investigation showed thia behavior was caused by the assignment
of observation errors on MODIS AOD as a percentage of the A@IS a correction depending on the
scattering angle. This definition of errors did not allow émalysis to correct large values of AOD, due to
the correspondingly large errors assigned to the obsengtiA bias in the analysis visible in the global
means was the result. The GEMS analysis was shown howeverftom well in terms of temporal and
spatial variability of the aerosol fields in comparisonstw ERONET and other independent datasets
(Mangold et al 2011).

The MACC reanalysis was constructed on very different psesii First of all the observation errors
were fixed to values of 0.1 over land, and 0.05 over the ocedditidnally a variational bias correction
was implemented based on the operational set-up for aasgditadiances following the developments
by Dee and Uppala (2008). The bias model for the MODIS dataistmin a global constant which is
adjusted variationally in the minimization based on the-figgess departures. Although simple, this bias
correction worked well in the sense that the MACC analysisosbiased with respect to the MODIS
observations. Moreover this approach has the advantagdtitedxo the optimization of the cost function,
and as such it is estimated online, not requiring previoespoocessing of the observations. The bias
error model allows more complex treatment with the additibother bias predictors which are relevant
for AOD, for example instrument geometry, viewing angl@ud cover, wind speed etc. Improvements
to the bias model and the inclusions of other high-accuraty dets that can anchor the MODIS bias
(for example AODs from a selected list of AERONET stationsil] be undertaken in MACC-II (the
follow-on project to MACC, covering 2012-2014).

3.1 Monthly mean global fields

As discussed in Benedetti et al. (2009), the aerosol optiepth at 550 nm (hereaftegsg) retrieved
from measurements by the MODIS instrument on-board bothTémea and Aqua satellites have been
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Figure 5: The 2003 mean annual optical depth for total, sal;<ust, and anthropogenic aerosols from the
operational aerosol climatology (top four panels), the G&Merosol reanalysis (middle four panels), anf the
MACC aerosol reanalysis (lower four panels).
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assimilated to provide an analysis of the aerosol loadirtheénatmosphere. The profiles of the aerosol
mixing ratios for the 11 aerosol types and bins are used t@otera total aerosol optical depth (TAOD).
This TAOD is then compared to the observed aerosol optigathdend a variational assimilation mod-
ifies the model total aerosol optical depth to make it coasistvith the observation, but keeping the
profile shapes and distribution between aerosol types gedvby the forward model in its trajectory
calculations. Figure 1 presents the global distributionsgf derived from MODIS on Aqua for the 12
months of 2003, whereas Figures 2 and 3 present the equifigleibuilt from 24-hour forecasts started
from the GEMS and MODIS aerosol analyses. Unsurprisingigre is a general agreement with the
MODIS observations, in terms of patterns, but differen@aslme seen, which are of different origin.

Overall, GEMStZZ; " is higher than MACCIIS for all months. The differences between the two
analyses can be explained by different factors. As disduaiseve, this is linked to the different handling
of the bias correction and of the background error in GEMSMAEC where MODIS data are available.
GEMS had a bias correction linear withso whereas MACC has a fixed one (Benedetti et al., 2008).
At high latitudes, in Northern hemisphere (January to Apdibvember and December) in areas where
no MODIS observation is available, the higher aerosol logdk propagated from lower latitudes where
MODIS observations are available. The GEMS global optiegdtd is 0.23 whereas it 0.20 for MACC,
and this overestimation shows up more prominently in argdssmall 1550 than in areas with large one,
even if the problem in GEMS was rather global.

Then, concentrating on areas at mid- and lower latitudeseviWEODIS data are not available (Sahara,
Saudi Arabia, part of Australia for all months, all areashwitgh surface albedo for which the aerosol
retrieval is not attempted), the GEMS system usually preddarger aerosol amounts than the MACC
system. In these potentially dust-rich areas, the smadievsal loading in MACC is due to a revision
of the dust emission following assessment of the GEMS aisaly$owever, the revision went too far,
and another assessment concentrating on dust (Huneeus 20Hl) concluded that the MACC dust
aerosol amount is now relatively low over the sources regamd that the plumes extending from these
regions (e.g., over the Atlantic ocean) are too rich in sipaiticles (radius smaller than 0.5 micron) at
the expenses of the bigger particles (radius larger tharcfom.

Other areas of difference between GEMS and MACC are areasevdfi@mass burning is present at
certain times of the year (Amazon Basin, Central AfricapfrAugust to November). Two changes oc-
curred between GEMS and MACC: first, the description of firéssians moved from GFEDv2 (Global
Fire Emission Dataset, version 2) to GFEDv3.0, with ove2alpercent smaller emissions in the newer
database (van der Werf, 2010), and the emissions redistdtaccording to the MODIS daily Fire Ra-
diative Power.

Finally, the areas rich in sulphate-based aerosols (efgnaf also underwent a change as a bug in
the conversion fron8G, to SQ, in GEMS was corrected for MACC, bringing an overall decrease
therefore more realistic values for sulphate aerosols.

3.2 Comparison with climatology and other satellite-base@erosol products

Figure 4 presents for the 12 months of the year the climayologthe aerosol optical depth, which has
been in use in the ECMWF operational system since Octobe8.20dds based on the climatological
distribution of sea salt, dust, organic and black carbod, safphate aerosols, compiled by Tegen et al.
(1997). Comparison between Figure 4 and either Figure 2 tio@s that this climatology is deficient
on several accounts. The climatologia%O is missing the large aerosol loading over China over most
of the year, the maximum in aerosol loading linked to the l@esburning over South America while
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present is too weak and occurs too early in the year. A simitaation prevails for the aerosol linked to
biomass burning in Central Africa. On the other harfg, shows a maximum near the Horn of Africa
from June to September, which is more diffuse and over a veice in the MODIS observations (Fig.1)
and the GEMS and MACC analyses (Figs. 2 and 3).

Figure 5 compares, on an annual mean basis, the total, kedest, and anthropogenic aerosols, from
the climatology (top four panels), the GEMS (middle four @lah and MACC analyses (bottom four
panels). The differences in amplitude and geographicafilaision of the optical depth of these three
basic aerosol types are confirmed. The sea salt aerosoladeecstimated over the oceans of both the
Northern and Southern hemispheres, the dust aerosolsheveesert areas of Sahara, Pakistan/Rajasthan
and Taklamakan are underestimated. The aerosols of aitttoagin over China and the foothills of
the Himalayas are underestimated as is the outflow over tith Nacific. On the contrary, too much
anthropogenic aerosols are present in the climatology Busrpe, west of Central America and over the
oceanic areas of South-East Asia/Tropical West Pacific.

Figure 6 presents the monthly aerosol optical depth at 55%50n@003 derived from MISR (the Multi-
angle Imaging Spectroradiometer on-board the Terra gajellhere is a good agreement with the global
distribution and values given by MODIS. Interestingly, thelti-angle approach allows MISR to provide
aerosol optical depth over the desert-like bright surfabas MODIS cannot handle. Whereas there is
not an absolute one-to-one correspondence between the 8@l MISR aerosol fields, the agreement
is remarkable, and provide an a-posteriori justification dsing MODIS aerosol observations in the
GEMS/MACC aerosol system. This is not the case with the aémsical depth derived from MERIS
(the Medium-resolution Imaging Spectroradiometer, oarddhe Envisat satellite). (NB: The MERIS
data were downloaded from the current (October 2011) versidhe NASA Giovanni web site). For
the same months in 2003, Figure 7 shows prevalent high valuegg for most of the year over South
America, Central Africa. No retrievetss is provided for a large fraction of the Eurasian continent,
North America, Australia and South Africa.
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Figure 6: The month-by-month total aerosol optical depthwba from the MISR spectroradiometer on the Terra
satellite. January is top left, February is top right, othmonths follow in a similar way.
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3.3 Comparison with ground-station aerosol measurements

In the following, the various changes discussed in sectibre@n also be seen in comparison with surface
observations. The aerosol optical depth produced by the &&iMl MACC systems are compared with
the aerosol optical depth at 500 iy, derived from radiometric measurements at AERONET (AErosol
RObotic NETwork) stations (Holben et al., 1998, Dubovik et 2002). The GEMS and MACC values
are produced by the respective models starting from thgaeteanalyses at 00 UTC during the first 24
hours of individual forecasts. Table 1 presents the lishefAERONET stations providing measurements
during 2003, sampled in such a way that a/ data for all seam@navailable, b/ selected stations are at
least 250 km apart from each other, and c/ for each month, éndotraerosol type can be defined.

Figures 8 and 9 present the comparison for four stationsenharitime aerosols are likely to be prevalent
(Amsterdam Island, Ascension Island, Nauru, and TahiigjhEsites with dust aerosols are then shown
in Figures 10 to 13 (Fig.10: Banizoumbou, Capo Verde; FigDdhkla, Dalanzadgad; Fig.12: llorin,
Ouagadougou; Fig.13: Sede Boker, Solar Village). Biomassibg occurs during the year over the four
sites presented in Figures 14 (Abracos Hill, Belterra) @adMongu, Skukuza). Eight sites dominated
by anthropogenic aerosols (either black carbon, organisoca sulphate or a mix of these) are then
presented: Beijing and GSFC in Figure 16, Kanpur and Mexiitg i@ Figure 17, Moscow and Sao
Paulo in Figure 18, and Shirahama and Tomsk in Figure 19.Hreetout of four oceanic stations (Figs.
8 and 9), there is relatively little change between GEMS amCk@ for Amsterdam Island, Ascension
Island and Tabhiti, which are all located in the Southern Ispimére, rather away from the Intertropical
Convergence Zone and all getting a good coverage of MODI8reagons. On the other hand, Nauru
(four top panels in Fig. 9) is within the ITCZ, gets many madaudy to overcast days and a more limited
coverage by MODIS observations. In January and April, thiggriseéng of the month is devoid of MODIS
observations andssg reflects more heavily the model-driven aerosols. There igesble difference in
model 1559 likely to be linked to changes in the surface wind (used tguiise the surface emission of
sea salt particles) as part of the changes to the model ghyaakage between the two analyses.

The next eight stations with dust likely to be the dominambsel type fall into two categories, those with
(Capo Verde, Dahkla, Dalanzadgad, llorin, Ouagadougoujithiout (or very few) MODIS observations
(Banizoumbou, Sede Boker, Solar Village). When MODIS olestions are available, the MACtgsg is
generally in better agreement with AERONET observatiotisage are available. When no MODIS data
is available, 795 is generally larger tham3° (Banizoumbou, Ouagadougou in April, Sede Boker),
reflecting the reduction in dust emission over the Saharad®t GEMS and MACC. For stations less or
not connected with Saharan emissions (Sede Boker, Solag¥jlDalanzadgad), the modegéy appears

to be larger thams,,,. Interestingly, there is a discrepancy between MORg and 1, in Dalanzadgad
for three out of the four months shown, possibly due to somédtion in the MODIS retrieval of aerosol

optical depth over the middle-bright surfaces of Mongolia.

Stations in biomass burning areas of South America (Abr&tibsand Belterra, in Fig. 13) and of
Central/South Africa (Mongu and Skukuza, in Fig. 14) usushiow slightly smaller e compared to
Toeo With a generally better agreement Gf2°° with MODIS M, However, there are also instances
with huge AERONETE,,, which are not well captured by the analysis system (Abratiband Mongu,

in July and October 2003).

For the remaining six stations where anthropogenic (organd black carbon, sulphate aerosols) are
dominant,r{ia*¢is generally smaller tharfsg‘s, particularly when MODIS observations are not available
(Moscow in January and November 2003, Tomsk in January 2008)erwise, as over other stations,

the agreement betweaia*and MODIST, is better than betweers;'°and MODISTM, .
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Figure 7: The month-by-month total aerosol optical depthivdel from the MERIS spectroradiometer on the
Envisat satellite. January is top left, February is top rigbther months follow in a similar way.
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Table 2 presents for the same months and same stations thariaroot mean square error between
the AERONETT500 and the GEMS and MACC values during the first 24 hours of thedasts starting
from the relevant analyses at 00 UTC. In this Tablstatis not the number of AERONET observations
used in the calculation of the corresponding bias and ro@tmseuare error (rmse), but the number of
forecast-observation differences. This number will be ld&n or equal to the number of AERONET
observations used because the observations are first temaed into the same six-hour windows as
the forecast data are retrievedl stat therefore shows how many six-hour windows AERONET data
existed in. A row of dashes means there was no AERONET dathfat éhat site in that month. Note
also that AERONET observations are absent in BanizoumbeijinB, Capo Verde, Ouagadougou, and
Shirihama, so these stations are absent from Table 2.
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Figure 8: The time-series of aerosol optical depth at Antsar Island (top four panels) and Ascension Island
(bottom four panels). GEMS (yellow line), MACC (red lined@iODIS (dark blue segment) are observed at 550
nm, AERONET (blue dots) are observed at 500 nm. For eaclostdtie four panels are January (top left), April

(top right), July (bottom left) and October (bottom right).
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Figure 9: As in Figure 8, but for the island stations of Nautog four panels) and Tahiti (bottom four panels).
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Figure 10: As in Figure 8, but for the stations of Banizoumlftmp four panels) and Capo Verde (bottom four

panels).
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Figure 11: As in Figure 8, but for the stations of Dahkla (t@oif panels) and Dalanzadgad (bottom four panels).
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Figure 12: As in Figure 8, but for the stations of llorin (topur panels) and Ouagadougou (bottom four panels).
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Figure 13: As in Figure 8, but for the stations of Sede Bokep (four panels) and Solar Village (bottom four
panels). Note that the fourth month at Sede Boker is for Geyee
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Figure 14: As in Figure 8, but for the stations of Abracos Hiiip four panels) and Belterra (bottom four panels).
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Figure 15: As in Figure 8, but for the stations of Mongu (toprfpanels) and Skukuza (bottom four panels).
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Figure 16: As in Figure 8, but for the stations of Beijing (tégur panels) and Goddard Space Flight Center
(GSFC) (bottom four panels).

Technical Memorandum No. 659 23



ECMWF Prognostic Aerosols in the ECMWF IFS: MACC vs. GEMS Aerosols

Kanpur (27°N, 80°E) January 2003 Kanpur (27°N, 80°E) April 2003
AERONET MODIS GEMS MACC AERONET MODIS GEMS MACC

14 e 14

10 "

6 11 16 21 26 31 6 11 16 21 26
Kanpur (27°N, 80°E) July 2003 Kanpur (27°N, 80°E) Octover 2003
AERONET MODIS GEMS MACC AERONET MODIS GEMS MACC
25 5
14 S
2.25 ..
i 12 il
1.75 1 "
1.5
1257
1
0.75
05
025 X
0 0
6 11 16 21 26 31 6 11 16 21 26 31
Mexico_City (19°N, 99°W) January 2003 Mexico_City (19°N, 99°W) April 2003
AERONET MODIS GEMS MACC AERONET MODIS GEMS MACC

6 11 16 21 26 31 6 11 16 21 26

Mexico_City (19°N, 99°W) July 2003 Mexico_City (19°N, 99°W) Octover 2003
AERONET MODIS GEMS MACC AERONET MODIS GEMS MACC

09
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1

a 6 11 16 21 26 31 o 6 11 16 21 26 31

Figure 17: As in Figure 8, but for the stations of Kanpur (toof panels) and Mexico City (bottom four panels).
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Figure 18: As in Figure 8, but for the stations of Moscow (toprfpanels) and Sao Paulo (bottom four panels).
Note that the fourth month at Moscow is for November.
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Figure 19: As in Figure 8, but for the stations of Shirahan@p(four panels) and Tomsk (bottom four panels).
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Station name ID Latitude | Longitude | Dominant process Months
Aerosol origin | considered
Abracos Hill ABH | 10.76 S| 62.36 W | biomass burning| 01 04 07 10
Amsterdam Island| AMI | 37.81S| 77.57E maritime 010407 10
Ascension Island | ASI 798S | 1441 W maritime 010407 10
Banizoumbou BAN | 1354N| 267E dust 010407 10
Beijing BEJ | 39.98 N | 116.38 E| anthropogenic | 01 04 07 10
Belterra BET | 2.65S | 54.95W | biomass burning| 01 04 07 10
Capo Verde CVR | 16.73N| 2293 W dust 010407 10
Dahkla DAK | 23.72N| 15.95W dust 010407 10
Dalanzadgad DAZ | 43.58 N | 104.42 E dust 010407 10
GSFC GSF | 3899N| 76.84 W anthropogenic | 01 04 07 10
llorin ILO | 8.32N 434 E dust 010407 10
Kanpur KAN | 26.51 N| 80.23E anthropogenic | 01 04 07 10
Mexico City MEX | 19.33 N | 99.18 W anthropogenic | 01 04 07 10
Mongu MON | 15.25S| 23.15E | biomass burning| 01 04 07 10
Moscow MSU MO| MSU | 55.70N| 37.51E anthropogenic | 01 04 07 11
Nauru NAU | 0.52S | 166.92 E maritime 010407 10
Ouagadougou | OUA | 12.20N| 1.40W dust 010407 10
Sao Paulo SAO | 23.56 S| 46.73 W anthropogenic | 01 04 07 10
Sede Boker SBO | 30.86 N| 34.78 E dust 01 04 07 09
Shirahama SHI | 33.69N| 135.36 E| anthropogenic | 01 04 07 10
Skukuza SKU | 2499S| 3159E anthropogenic | 01 04 07 10
Solar Village SVI | 2491 N| 46.40E dust 010407 10
Tahiti TAH | 1758 S| 149.61 W maritime 010407 10
Tomsk TOM | 56.48 N| 85.05E anthropogenic | 01 04 07 10

Table 1: The names and geographical coordinates of the AHROStations used for point verification
of the aerosol optical depth. All stations are compared imieof time-series for the months of January,
April, July and October 2003, except where noted (Moscode Boker)

The results in Table 2 are rather mixed. The improvement {88MS to MACC is rather patchy. The
improvement appears more likely for January, whereas ideddipn of the results is prevalent at most
stations in July. April and October. There are only a fewistet where an improvement is seen for
most months (GSFC, Sede Boker, Tomsk). Some stations shgwstensatic deterioration (Belterra,
Dahkla, Sao Paulo). Mixed results, usually correspondmgnall fluctuations in bias and rmse, are
seen in Amsterdam Island, Ascension Island, Kanpur, Nekukuza, Tahiti). Dalanzadgad shows an
improvement betweem GEMS and MACC, but with a bias remaimatger large in April, July and
October).

To conclude this comparison with AERONET observations, ahalysis system is quite successful at
reproducing the temporal variability of the aerosol logdover most stations, whatever the dominant
aerosol type. There is certainly space for improvemeng)\liko come from refinements in the aerosol
modelling in the forward model used in the analysis, but &lem including other observations in the
aerosol analysis system (eitheat other wavelengths or information on tﬁegstrbm exponent, which
could discriminate between larger vs. smaller aerosolighest and/or absorbing vs. non-absorbing
aerosols.
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4 Conclusions and perspectives

Despite improvements in the overall Integrated Forecgasiystem, the aerosol results with the MACC
aerosol system are not markedly better than those with the&&erosol system. With MACC, the
aerosol analysis system has improved in terms of the definiti the observation errors. Direct result of
that improvement is the usually better agreement betwg@ff, the MACC aerosol optical depth, and
Tsso, the assimilated MODIS optical depth, relative to the agreet betweert{s,"; the GEMS aerosol
optical depth, andsso.

As mentioned in section 3, the MACC analysis was designee tanlbiased with respect to the MODIS
observations. In view of this, it is not surprising that fonge stations the agreement between the MACC
reanalysis and the AERONET AOD has not improved. Very oftersé are stations close to high-albedo
areas where the MODIS instrument is known to perform pooslyfaa as aerosol detection (llorin in
January and April, Dahkla in July, Dalanzadgad in July antb®er, to mention a few), or in highly-
polluted urban areas (i.e. Sao Paulo in April and July, MeXidty at the end of April and end of July).
However, this raises both the question of the de-biasindp@firiput observations (see Shi et al 2011),
and that of using the best-suited datasets for reanalysmopes, with MODIS remaining one of the
longest established, most consistent and highest quadibabdatasets currently available. In MACC-II
the question of assimilating datasets other than the stdandi@DIS product, especially over high-albedo
surfaces, will be addressed.

In areas where MODIS observations are not ingested or aravaitable, the analysis relies almost
exclusively on the forward model. To improve the aerosolsr@reas with high surface albedo where
dust is prevalent, and where MACC has clearly not improveG&MS, the future system will have to
include one or more of the following developments: eitherettds representation of the dust sources,
and/or the use of observations such as MODIS Deep Blue or Mkbration optical depth, in order to
constrain the amount of dust emitted in these areas.

The analysis system has also been upgraded and the addéditjeixi accepting satellite observations
other than MODIS'’s and the possibility of analyzing both thil and fine mode optical depth (over the
ocean at least) is likely to further the quality of the aet@s@lysis.

The representation of the emissions of aerosols linkeddafitivity has received considerable attention.
In the comparisons carried in this paper, the biomass bgramissions are taken from two versions of
the GFED, over the period 2003-2008. For 2009 and 2010, MAEXS the more recent GFAS (Kaiser
et al., 2011), which is not addressed here.
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Stn. | JAN Bias Bias rmse rmse | APR Bias Bias rmse rmse
ID Nstat| GEMS | MACC | GEMS | MACC | Nstat | GEMS | MACC | GEMS | MACC
ABH - - - - - - - - - -
AMI 41 0.06 0.05 0.07 0.06 25 0.05 0.06 0.07 0.07
ASI 66 -0.06 0.08 0.08 0.09 53 0.01 0.00 0.03 0.03
BET 50 0.02 -0.04 0.08 0.07 29 0.04 -0.01 0.08 0.07
DAK 60 0.01 -0.06 0.22 0.22 83 -0.02 | -0.02 0.07 0.06
DAZ 53 0.06 0.00 0.07 0.05 29 0.14 0.12 0.16 0.14
GSF 34 0.11 -0.01 0.12 0.04 48 0.09 -0.01 0.14 0.09
ILO 36 -0.58 | -0.56 0.66 0.64 20 -0.09 | -0.09 0.18 0.18
KAN 15 -0.28 | -0.29 0.40 0.40 47 -0.09 | -0.05 0.13 0.14
MEX - - - - 42 -0.16 | -0.22 0.23 0.28
MON 26 0.06 0.01 0.11 0.09 64 0.01 -0.02 0.04 0.04
MSU 0.11 -0.04 0.12 0.05 35 0.05 -0.01 0.17 0.10
NAU 6 0.01 0.01 0.03 0.05 25 0.02 0.01 0.03 0.03
SAO 22 0.01 -0.05 0.11 0.13 43 -0.10 | -0.15 0.16 0.20
SBO 64 0.09 0.05 0.12 0.09 70 0.07 0.05 0.18 0.17
SKU 47 -0.02 | -0.03 0.07 0.07 59 -0.02 | -0.02 0.05 0.05
SVI 69 0.10 0.08 0.13 0.12 65 0.02 0.07 0.19 0.23
TAH 38 0.01 0.00 0.04 0.03 60 0.00 -0.01 0.03 0.03
TOM 4 0.11 0.01 0.11 0.04 31 0.15 0.10 0.17 0.16
Stn. | JUL Bias Bias rmse rmse | OCT* | Bias Bias rmse rmse
ID Nstat| GEMS | MACC | GEMS | MACC | Nstat | GEMS | MACC | GEMS | MACC
ABH 84 -0.08 | -0.10 0.10 0.13 31 -0.27 | -0.31 0.43 0.45
AMI 11 -0.01 | -0.00 0.05 0.06 23 0.02 0.04 0.05 0.06
ASI 64 0.00 0.00 0.05 0.05 40 0.02 0.01 0.05 0.06
BET 58 -0.01 | -0.05 0.04 0.06 39 -0.10 | -0.19 0.26 0.33
DAK 89 -0.01 | -0.17 0.22 0.28 42 -0.05 | -0.07 0.15 0.19
DAZ 45 0.26 0.26 0.28 0.29 45 0.15 0.14 0.15 0.15
GSF 53 0.05 -0.07 0.19 0.17 38 0.08 -0.01 0.12 0.07
ILO - - - - - 28 0.03 -0.02 0.10 0.09
KAN 17 0.24 0.26 0.32 0.34 54 -0.17 | -0.11 0.27 0.22
MEX 32 -0.16 | -0.23 0.22 0.27 31 -0.13 | -0.23 0.26 0.32
MON 84 -0.06 | -0.07 0.10 0.10 76 -0.15 | -0.11 0.22 0.20
MSU* | 65 -0.02 | -0.07 0.09 0.11 2 0.15 -0.04 0.16 0.04
NAU 15 0.02 -0.01 0.04 0.03 50 0.01 0.02 0.03 0.04
SAO 53 -0.13 | -0.17 0.15 0.19 28 -0.10 | -0.13 0.21 0.23
SBO* | 91 0.11 0.11 0.14 0.14 84 0.11 0.08 0.13 0.10
SKU 73 -0.04 | -0.05 0.06 0.07 51 -0.08 | -0.07 0.11 0.12
SVI 93 0.14 0.21 0.17 0.25 93 0.05 0.04 0.12 0.12
TAH 31 0.02 0.02 0.05 0.04 56 0.04 0.05 0.06 0.06
TOM 65 -0.03 | -0.05 0.12 0.13 11 0.04 0.02 0.06 0.05

Table 2: The bias and r.m.s. error of the GEMS and MAfG£g relative to the Nstat AERONET
measurements in the stations given in Table 1. Data are awgngvhen more than 10 individual
AERONET observations are available for the station ovenaigimonth. The month respectively refer
to January, April, July and October 2003, except where nétesbe Table 1, for Moscow and Sede
Boker; see text for the definition of Nstat).

N
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