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Abstract. The Aerosol Optical Depth (AOD) and Angstrom thropogenic aerosols are termed the direct radiative forcing
Coefficient (AC) predictions in the GISS-TOMAS model of and indirect radiative forcing. Estimates of aerosol forcing
global aerosol microphysics are evaluated against remotenostly rely on computational modeling (e.g. Forster et al.,
sensing data from MODIS, MISR, and AERONET. The 2007; Hansen et al., 2005; Kinne et al., 2003; Schulz et al.,
model AOD agrees well (within a factor of two) over pol- 2006) and contain significant uncertainties due to the chal-
luted continental (or high sulfate), dusty, and moderate sealenges of representing aerosol microphysics, optical proper-
salt regions but less well over the equatorial, high sea-saltties, and the spatial and temporal variability of aerosols. To
and biomass burning regions. Underprediction of sea-salgain confidence in their predictions, to characterize system-
in the equatorial region is likely due to GCM meteorology atic weaknesses or biases, and to correct model deficiencies
(low wind speeds and high precipitation). For the South-causing these weaknesses, the evaluation of aerosol models
ern Ocean, overprediction of AOD is very likely due to high with observations is required. Measurements from ground
sea-salt emissions and perhaps aerosol water uptake in thad space help reduce these uncertainties (e.g. Hansen et al.,
model. However, uncertainties in cloud screening at high lat-2005; Kinne et al., 2003; Schulz et al., 2006).

itudes make it difficult to evaluate the model AOD there with  Increasing availability of satellite measurements makes
the satellite-based AOD. AOD in biomass burning regionsit possible to evaluate the spatial and temporal variability
is underpredicted, a tendency found in other global modelof aerosols in global models more effectively (e.g. Kinne
but more severely here. Using measurements from the LBA<€t al., 2003, 2006; Liu et al., 2006; Schulz et al., 2006).
SMOCC 2002 campaign, the surface-level OC concentratiorRemote sensing observations by satellites provide relatively
in the model are found to be underpredicted severely duringvell characterized spatial and temporal distributions and cap-
the dry season while much less severely for EC concentrature the large-scale transport of aerosols that are not avail-
tion, suggesting the low AOD in the model is due to under- able from in-situ observations, making them especially use-
predictions in OM mass. The potential for errors in emissionsful for the evaluation of global aerosol models. A radiome-
and wet deposition to contribute to this bias is discussed. ter used in remote sensing measures radiances that are in-
fluenced by aerosols, air molecules, surface reflectance, and
cloud reflectance; a central challenge in satellite remote sens-
ing of aerosols is distinguishing aerosols from these other
contributors to radiance. Satellite and ground-based remote
Aerosols perturb the energy balance of the Earth-atmosphergensing platforms complement each other. Satellite plat-
system by scattering and absorbing solar and terrestrial radforms provide global distribution while ground-based ra-
ation and by modifying cloud properties (e.g. Forster et al.,diometers, such as AErosol RObotic NETwork (AERONET),
2007; Hansen et al., 2005) These Changes caused by aﬁVOid the problem of distinguishing between aerosol and sur-
face reflectance. The MOderate Resolution Imaging Spec-
troradiometer (MODIS) and Multiangle Imaging Spectro-
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frequently been used to evaluate global models (e.g. KinnéAbramopoulos (1997). Chemical tracers are advected every
et al., 2003; Stier et al., 2005). Besides AOD, other aerosohour by the model winds using a quadratic upstream scheme
optical and microphysical properties are also retrieved from(Prather, 1986); heat and moisture are advected with a sim-
radiometers but used more rarely due to lower confidence inlar scheme. Monthly average of climatological sea surface
data quality. temperatures data from Atmospheric Model Intercomparison
The AOD is a measure of light extinction in an atmo- Project (AMIP) (e.g. Gates et al., 1999) are prescribed in the
spheric column. AOD is a spectrally dependent quantity,model, and the daily values are determined by linear interpo-
and a typical wavelength chosen for AOD is 500 nm or lation.
550 nm because aerosols extinguish visible light effectively The TOMAS aerosol microphysics model uses a sectional
in the visible spectrum. The Angstrom coefficient (AC) de- approach that represents the aerosol size distribution by pre-
scribes the spectral dependence of AOD on the wavelengtdicting the amount of aerosol in several size categories or
of light and provides important information about aerosol “bins”. TOMAS tracks two moments of the aerosol size dis-
size. Aerosol single-scattering albedo is also retrieved bytribution in each size bin: total aerosol number and mass.
AERONET and measures the contribution of absorbing par-Total mass is decomposed into several aerosol species, al-
ticles, mostly black carbon and dust particles, to AOD. lowing prediction of the size-resolved aerosol composition.
Unlike AOD data, the uncertainty in the single-scattering The model has 30 size sections with the lower boundary of
albedo retrieved by AERONET is relatively high (i.e. within the smallest size bin being 18 kg dry mass, and each suc-
0.03 for high aerosol loading with an optical thickness atcessive boundary has twice the mass of the previous bound-
440 nm higher than 0.5, while it increases to 0.05-0.07 forary. This provides a size distribution that ranges approxi-
lower aerosol optical thicknesses (Dubovik et al., 2000).mately from 10 nm to 10 um in dry diameter, depending on
These mass of these strongly absorbing components geneserosol density. TOMAS uses a moving sectional approach
ally makes a weak contribution to CCN. Therefore, the SSAto treat water uptake; changes in water mass do not move
evaluation is not considered in this study. particles between sections. Adams and Seinfeld (2002) pro-
Here we use remote sensing observations to evaluate théde a detailed description of the TOMAS model. The model
“GISS-TOMAS” model, a combination of the TwO-Moment tracks nine quantities for each size bin: sulfate mass, sea-salt
Aerosol Sectional (TOMAS) aerosol microphysics model mass, mass of pure (hydrophobic) elemental carbon (EC),
with the Goddard Institute for Space Studies General Cir-mass of mixed (aged) EC, mass of hydrophobic organic mat-
culation Model Il-prime (GISS GCM ll-prime). The goal ter (OM), mass of hydrophilic OM, mass of mineral dust,
of this study is to evaluate the GISS-TOMAS model againstmass of water and the number of aerosol particles in that bin.
AOD data from MODIS, MISR and AERONET. Specifically, In addition, the model tracks two bulk aerosol-phase species,
we seek to evaluate spatial and temporal distributions ofnethanesulfonic acid (MSA), and ammonium (NH and
aerosol AOD as well as aerosol size via the AC. The descripfive bulk gas-phase species:2®, SO, dimethylsulfide
tions of the GISS-TOMAS model and observational dataset{DMS), HoSO4, and ammonia (NB). For purposes of cal-
used for the model evaluation are given in Sect. 2. Evalua<culating condensation and coagulation rates, all aerosols are
tion of the model against satellite and ground-based data itreated as internally mixed.
presented in Sect. 3. Section 4 provides an overall discussion The TOMAS model used in this work includes previ-
of the comparisons, and Sect. 5 gives summary and conclueusly developed modules for sulfate (Adams and Seinfeld,
sions. 2002), sea-salt (Pierce and Adams, 2006), and carbonaceous
aerosols (Pierce et al., 2007), and mineral dust (Lee et al.,
2009). Compared to the TOMAS model used in Lee et

2 Model description al. (2009), there are several modifications in the TOMAS
model used in this work. These modifications are fully de-
2.1 Overview scribed in Sect. 2.2 of Pierce and Adams (2009a). Briefly,

the pseudo-steady state assumption for sulfuric acid is as-
The GISS GCM lI-prime has horizontal grid dimensions of sumed to solve the nucleation and condensation rates simul-
4° latitude and 5 longitude, with nine vertical sigma lay- taneously (Pierce and Adams, 2009b), and the growth of nu-
ers including the stratosphere to the 10 hPa level (Hansecleated particles up to the first size bin, a diameter of 10 nm,
et al.,, 1983). A detailed description of the GISS GCM is is taken into account using the parameterization of Kermi-
found in Hansen et al. (1983). The parameterizations ofnen et al. (2004). The primary sulfate emission is assumed
convective and stratiform clouds are updated by Del Ge-to be 1% of aerosol sulfur (instead of 3%), and the size dis-
nio and Yao (1993) and Del Genio et al. (1996), respec-tribution of biofuel and biomass burning carbonaceous emis-
tively. The surface and boundary layer parameterization ission is changed such that the number mean diameter is now
improved by Hartke and Rind (1997), and the land-surfacel00 nm instead of 30 nm. Finally, the sub-grid coagulation
parameterization, e.g. surface air temperature and hydroef freshly emitted primary sulfate and carbonaceous parti-
logical cycle over land, is improved by Rosenzweig and cles is accounted for (Pierce et al., 2009). The descriptions
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Table 1. Globally and annually averaged aerosol budgets, burdens, and the comparison of column mass to AEROCOM column mass. *Note
that, for sulfate, the units of sources and sinks are Tg S per year and Tg S for the burden.

Aerosols Total Sources Dry Deposition Wet Deposition Burden Lifetime Model Column mass AEROCOM column mass
[Tgyr] [Tgyr— [Tgyr™] [Tg]  [days]  [mgm~?] [mgm—2]
Sulfate* 44 11 43 0.73 6.0 4.27 3.9
Sea-salt 7380 4740 2640 13.0 0.64 27.53 12.6
Mixed EC 1.6 0.25 7.61 0.14 7.0 - -
Pure EC 6.4 0.13 0.01 0.03 15 - -
Total EC 8.0 0.38 7.62 0.17 4.3 0.33 0.39
Hydrophilic OM 30.5 1.6 48.7 0.70 51 - -
Hydrophobic OM  30.5 0.45 10.3 0.08 0.94 - -
Total OM 61.0 2.0 59.0 0.78 35 1.55 33
Dust 2440 1900 560 17 2.6 37.1 39.1

Table 2. Aerosol densities, refractive indices (RI), and hygroscopic diameter growth factors. *The hygroscopic growth factor for OM applies
only to hydrophilic OM.

Aerosol Type Density References Real Imaginary References Hygroscopic growth factor
kg m*3] for density RI RI for RI RH: 60% RH:80% RH:95%

Sulfate 1780 Tang (1996) 143 1.0e-8 Hess et al. (1998) 1.20 1.39 2.02

Sea-salt 2165 Tang (1996) 1.50 1.0e-8 Shettle and Fenn (1979) 1.63 1.89 2.74

Elemental Carbon (EC) 1800 Bond and Bergstrom (2006) 1.95 0.79 Bond and Bergstrom (2006) -

Organic Matter (OM) 1400 Dick et al. (2000) 1.53 0.006 Shettle and Fenn (1979) 1.15* 1.23* 1.31*

Dust 2650 Tegen and Fung (1994) 1.56 0.006 Torres et al. (2002) -

Water 1000 — 1.33 1.96e-9 Hale and Querry (1973) -

of wet deposition and dry deposition are available in Adamsmonthly average model output. Here we provide a detailed
and Seinfeld (2002) and Lee et al. (2009). Briefly wet depo-description of the AOD calculation. Based on Mie theory,
sition is occurred in large-scale (stratiform) and convective AODs at 550 nm (or 500 nm) wavelength are calculated. Re-
clouds. For in-cloud scavenging, the modifiedfer theory  fractive indices and aerosol density used are selected from
is applied for the large-scale and convective clouds that arevarious references as shown in Table 1. Water uptake by
assumed to have a supersaturation of 0.2% and 1.0%, respesdlfate, sea-salt, and organic aerosols is accounted for and
tively. Dry deposition uses the series resistance approach thas based on ISORROPIA results for sulfate and sea-salt and
treats a size-dependent gravitational settling of particles anés based on observations of Dick et al. (2000) for organic
a size-dependent resistance in the quasi-laminar sublayecarbon. In the global model, aerosol species are assumed
Table 1 presents a summary of annual global aerosol budgets be internally mixed expect hydrophobic EC. The volume
and burdens for each aerosol component in this model simaveraging method is applied to calculate the complex refrac-
ulation. Water uptake by sulfate, sea-salt, and hydrophilictive index for the internally mixed aerosol particle including
OM is accounted for in the model. For sulfate and sea-saltwater. Optical properties are compiled into a lookup table,
it uses a polynomial fit based on ISORROPIA, a thermody-which is pre-calculated based on Mie theory. For each grid
namic equilibrium model for inorganic aerosols (Nenes et al.,cell and size bin, particle composition is used to determine
1998). For organic carbon, it is based on the observations othe volume-averaged refractive index, and optical properties
Dick et al. (2000). Table 2 shows the hygroscopic growthare determined from the lookup table based on particle size
factor of those aerosols at relative humidities of 60%, 80%,and (mixed) refractive index. Based upon its concentration,
and 95% (Note that 99% is the maximum relative humidity the optical properties are used to calculate the contribution of

allowed in the model for aerosol water uptake). that size bin and grid cell to column AOD. The column AOD
is the sum of these contributions over all size bins in a grid
2.2 Aerosol optical depth module cell and all cells in the column.

The AOD is calculated using the GISS-TOMAS model

A module for AOD (aerosol optical depth) calculation has monthly average output, which provides aerosol size distri-
been developed for the GISS-TOMAS model. In this pa- butions and aerosol concentrations for every grid cell. As
per, the AOD calculations are performed “offline” based on implemented here, the model AOD prediction is an offline
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Table 3. Locations of AERONET sites and corresponding measure-
ment time periods.

Sites Longitude Latitude Years

1 Alta Floresta 56.0W 9.9°S 1999-2005
2 Los Fieros 60.6W 146 S 1996

3 Cuiaba-Miranda 560W 15.7S 2001-2005
4 Mongu 23.2E 15.2S 1995-2005
5 llorin 4.3 E 8. N 1998-2005
6 Banizombou 2.9E 13.0N  1995-2005
7 Capo Verde 229W 16.7N  1994-2004
8 Bidi Bahn 2.83W 14.°N 1996-1997
9 Barbados 595W 13.2N  1996-2000
10 Sede Boker 34°E 30,9 N  1998-2005
11 Bahrain 50.6E 26.2N  2004-2005
12 Solar Village 46.4E 249N  1999-2005
13 Dalanzadgad 1040£E 43.6 N  1997-2005
14 VYulin 109.7E 38. N  2001-2002
15 Sevilleta 106.9W 34.4#N  1994-2005
16 Cartsite 97.5W 36.6N  1996-2005
17 Bondville 88.4W 40.°N  1996-2005
18 GSFC 76.8W 39.0°N  1995-2005
19 Mexico city 99.2W 19. N  1999-2005
20 Ispra 8.6E 458 N 2001-2005
21 Kanpur 80.3E 26.N  2001-2005
22  Shirahama 1354 33. 7N  2000-2005
23 Bermuda 64.7W 328N 1996-2005
24 Lanai 156.9W 20.7N  1996-2004
25 Dry Tortugas 829W 246N  1996-2003
26 Tahiti 149.6W 17.6S 1999-2005
27 Rottnest Island 115% 32.0N  2001-2004
28 Nauru 166.9E 0.5S 1999-2005

Y. H. Lee and P. J. Adams: Evaluation of aerosol distributions

2.3 Remote sensing observations

AERONET is a worldwide federation of ground-based and
automated Sun photometers that measure aerosol optical
properties and precipitable water (Holben et al., 1998). Sun-
and sky-scanning CIMEL Sun photometers utilized in the
AERONET program use 340, 380, 440, 500, 675, 870,
and 1020 nm wavelength measurements to retrieve AOD
(e.g. Holben et al., 1998). AERONET spectral AOD data,
and by definition the AC as well, have been widely used
as a standard for validating other remote sensing aerosol
retrievals due to well characterized uncertainties in the
AERONET measurements (e.g. Abdou et al., 2005; Kahn
et al., 2005; Liu et al., 2004; Torres et al., 2002). How-
ever, column-integrated aerosol microphysical properties
from AERONET have not been systematically evaluated
against in-situ data (Kahn et al., 2004). In this paper, only
AOD and AC are used. The data used in this work are
monthly average AERONET Level 2.0 AOD. We selected
28 AERONET sites that represent the following characteris-
tic regions: polluted continental, marine, biomass burning,
and mineral dust-dominated. The AERONET site informa-
tion is presented in Table 3. The following sites do not pro-
vide AOD at 500 nm: Banizoumbou, Barbados, Bidi Bahn,
Capo Verde, and Yulin. For these sites, an AOD at 500 nm is
estimated using AC obtained from AOD at 440 and 670 nm.
Where possible, we select sites providing multi-year mea-
surement data, but some sites (Los Fieros and Yulin) do not
provide this.

Terra, the first Earth Observing System satellite launched
in December 1999, carries MODIS and MISR. MODIS has
36 spectral channels, covering the wavelength range from
0.405 to 14.385 um with a swath width of 2330 km. It covers
the globe in 1-2 days. In this paper, monthly average AOD

process and does not distinguish the cloud-free sky with thgg, 0| 3 (collection 5) products, MODOBI3.005, are used. A
cloudy sky, while the remote sensing observations retrleVedescription of the Collection 5 algorithm is available online

AOD only under the cloud-free (clear) sky. It is important

to mention that the satellite retrieved data has limitations, in-,

cluding potential biases due to measurements in only clea

r_

(Remer et al., 2008). One important change in the Collec-
tion 5 retrieval algorithm is a new surface reflectance param-

eterization for the over-land algorithm that improves a bias

sky conditions and the possibility of cloud contamination. over bright land surfaces (Li et al., 2005). MOD®&.005

Recent studies have sought to improve cloud screening all-S 1° by 1°

resolution data measured for the time period 2000

gorithms and to try to retrieve aerosol properties near cloud§0 2005 and are obtained from the Giovanni MODIS On-line
(e.g. Brennan et al., 2005; Koren et al.,, 2007; Redemann &g, ajization and Analysis System websitetp://acdisc.sci.

al., 2009; Twohy et al., 2009). The module calculates AOD
at four wavelengths: 440 nm, 500 nm, 550 nm, and 675 nm

gsfc.nasa.gov/Giovanni/modis/Terra.MODBB.shtm). In
some locations, e.g. bright land surfaces such as Saharan

The 500nm and 550 nm wavelengths are used to evalual§egert regions and snowlice cover at the high latitudes and

the model AOD with the AERONET and satellite measure-

cloudy regions, Terra MODIS AOD data are not available

ments, respectively. The wavelengths of 440 nm and 675nmy, e 14 fajlure of the retrieval process due to cloud or surface

are used to calculate an AC (Angstrom coefficient) that is

evaluated with AERONET.

Atmos. Chem. Phys., 10, 2122344 2010

reflectance contamination.

MISR has four visible/near infra-red spectral bands (446,
557, 671, and 886 nm) and nine cameras at discrete viewing
angles and has a swath width of 360 km (Diner et al., 1998).
Global coverage requires approximately 9 days but depends
strongly on latitude: over 9 days at the equator and 2 days
near the poles. In this work, we use monthly averaged MISR

www.atmos-chem-phys.net/10/2129/2010/
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Level 3retrieved AOD data, MIL3MAE, that is consideredto =) suitate
be “Stage 2 Validated” in the MISR data quality description.
According to the MISR Level 3 quality statements, the global
Level 3 MISR aerosol products over Greenland and Antarc- |
tica (snow/ice fields) are currently being excluded due to low
spatial contrast and also due to inadequate cloud screening.
These data are obtained from the Giovanni MISR On-line Vi-
sualization and Analysis System websitgt|f://g0dupO5u.
ecs.nasa.gov/Giovanni/misr.MIL3MAE.2.shjmThe MISR
AOD data provided are®lby 1° resolution data for the time
period 2000 to 2005. Different angular information (e.g. ra-
diation) measured in MISR is utilized to reduce surface re-
flection contamination and cloud screening and to identify
the surface type (e.g. Di Girolamo and Wilson, 2003; Jin
et al., 2002). However, similar to MODIS, surface reflec-
tion contamination is still a challenge in MISR as Kahn et
al. (2005) shows the lowest correlation coefficient of MISR
AOD and AERONET AOD over bright desert sites. Also,
like MODIS, MISR AOD data over high latitude is either
not available or more uncertain. Despite challenges over §
bright surfaces and cloudy regions, MODIS and MISR pro-
vide long-term global aerosol distributions that are very use-
ful for global aerosol model evaluation. [ LT [ [ [ e mw [ [ 1 [ [ T W
Since the GCM meteorology is generic and does not cor-
respond to any specific year, multiyear datasets are used fdrig- 1. Global distributions of annual-average aerosol column mass
comparison to minimize biases that may be magnified by amgm™2] and column number [m?]. Values on the upper-right of
single year observation. The AOD data from both remoteeac_h panel give global-average column mass and number concen-
sensing measurements have a finer resolution than the Gls§ations.
TOMAS model. Therefore, the satellite retrieved AOD data
in 1° by 1° resolution are averaged to obtain AOD or’eb¥  column mass (27.5mgm) is almost double the column
5° grid. mass (12.6 mg m?) in Kinne et al. (2006). Note that Kinne
et al. (2006) presents the results of the “EXPERIMENT A’
simulations, which requests outputs from simulations with

3 Results the model in its standard configuration.
3.1 Global aerosol budgets 3.2 Evaluation against MODIS and MISR retrieved
AOD

Figure 1 shows the spatial distribution of column mass con-

centration [mgm?] of each aerosol species including wa- Figure 2 shows the GISS-TOMAS model, MISR, and
ter and column aerosol number concentration4n To put MODIS AOD global distributions for each season. Three-
these results in the context of other published global aerosaionth average in satellite retrieved data is obtained in each
models, we compare our predicted column burdens to thosgrid with available monthly average data. For example, when
from the AEROCOM global model intercomparison activ- there is only one monthly average data available among the
ity (Kinne et al., 2006). In Kinne et al. (2006), 20 global three months, the available data is used as the three-month
aerosol models reported speciated column masses. A sulaverage. However, when a grid cell does not have any avail-
set of 15 global models is selected by eliminating 5 out-able data due to the failure to retrieve AOD data from the
liers including one model without AOD calculation and a satellite measurements, a grey color indicating no data avail-
multi-model and global average column mass is calculatedhble is shown in Fig. 2. Figure 2 illustrates several impor-
for each species from these 15 models. Our column massdant features of the model AOD prediction as compared to
and these AEROCOM average values are compared in Tasatellite observations. First, the model AOD plume from
ble 1. All species in our model are within20% of the  North Africa is quite well predicted throughout the year ex-
AEROCOM averages, except OM and sea-salt, which dif-cept June to October. Second, compared to the two satel-
fer by a factor of approximately two. Our model OM col- lite retrievals, our model AOD is underestimated in biomass
umn mass (1.55mgm?) is half of the OM column mass burning regions in South Africa and South America. MODIS
(3.3mgn1?) in Kinne et al. (2006) and our model sea-salt and MISR observed a significant AOD (typically over 0.2)

www.atmos-chem-phys.net/10/2129/2010/ Atmos. Chem. Phys., 10, 21292010
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Fig. 2. Global distribution of AOD in the model, from MISR, and from MODIS in four seasons. Grey color in satellite observations indicates
no data available. From top to bottom, the rows correspond to seasonal average AOD from December to February (DJF), March to May
(MAM), June to August (JJA), and September to November (SON).

throughout the year, while the model shows very low AOD Figure 4 presents four scatter plots of annual-average
(less than 0.1). Third, an underestimation of AOD is ob- model AOD versus MODIS and MISR retrieved AOD. These
served along the equator especially in the Pacific Ocean andcatter plots are categorized by areas with high concentra-
the Indian Ocean. Finally, the model predicts a high AOD in tions of a given species to diagnose the model AOD predic-
the Southern Ocean due to the presence of sea-salt. tion biases. Column mass concentration is used to identify
To illustrate spatial trends in the comparison of model pre-where an aerosol species is significant. High sulfate columns
dictions to remote sensing measurements, the ratios of an(called “polluted continental” regions) are those greater than
nual average model AOD to MODIS and MISR retrieved 15 mgnT2; high OM columns (called “biomass burning” re-
AODs are presented in Fig. 3. To get an annual-averaggions), greater than 5mgm4; high mineral dust columns,
MODIS/MISR retrieved AOD, we use the three-month av- greater than 50 mgn?; high sea-salt columns, greater than
erage AOD data shown in Fig. 2. To avoid biases in the50 mgnt2. Additionally, we define “moderate sea-salt” re-
annual-average observed AOD, the averaging is only pergions as those having sea-salt column mass concentrations
formed when a retrieved AOD is available in all four sea- between 20 and 50 mgm. High EC areas are mostly the
sons. Otherwise, the annual-average is shown as “no dataS8ame as high OM areas. In this scheme, it is possible for
with the grey color in Fig. 3. There is a strong latitudinal a model column to fall into more than one category. Also,
trend in model performance. Near the equator, the modelve see from Fig. 1 that portions of India and China fall
tends to underestimate AOD compared to satellites, relateihto the “biomass burning” category using this scheme. Ta-
to sea-salt from oceanic regions and carbonaceous aerosdide 4 presents the log-mean normalized bias (LMNB) and
from biomass burning regions. Conversely, the model tenddog-mean normalized error (LMNE) of each plot in Fig. 4,
to overpredict AOD compared to satellite data at high lati- which are defined as follows:
tudes.

N
AOD mod,i
Elloglo(m)
LMNB = —

N
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Fig. 4. Scatter plots of model-predicted AOD and satellite-retrieved
AOD. The solid line and dashed lines are for 1:1 and 1:2 (or 2:1),
respectively. In(a) to (d), MODIS and MISR AOD are presented
as blue and pink, respectively. In panel (d), for high sea-salt areas,

MODIS and MISR AOD are presented as circles.

Table 4. Log-mean normalized bias (LMNB) and log-mean nor-
Fig. 3. Global maps of the ratio of annual-average AOD in the malized error (LMNE) of model-predicted AOD values compared

model prediction tqa) MODIS and(b) MISR AOD. Grey color
indicates no data available from the satellite instrument.

with MODIS, MISR, and AERONET AOD observations.

LMNE = éabs[loglO(%)]
N

where AODnod; is the model-predicted AOD at site
(i.e. corresponding grid cell), AQdgs; is the retrieved AOD

from remote sensing instruments at sitér corresponding
grid cell for MODIS and MISR), an@V is the total number
of observation sites.

From Fig. 4 and Table 4, we see that model AOD agrees

with MODIS and MISR within a factor of two for dusty
(high dust), polluted continental (high sulfate), and moder-

ate sea-salt regions. However, consistent with finding above;
model AOD in high OM regions is significantly underesti-
mated, while that in high sea-salt region is significantly over-

estimated. For the high sea-salt region, the LMNB of 0.47

Observation  Pollution type LMNB LMNE
MODIS —-0.15 0.23
MISR Dusty region —0.04 0.16
AERONET —-0.05 0.21
MODIS 0.11 0.19
MISR Polluted continental region ~ 0.16  0.19
AERONET -0.15 0.23
MODIS —0.56 0.56
MISR Biomass burning region ~ —0.52  0.53
AERONET —-0.62 0.62
MODIS High It regi 0.47 047
MISR 'gh sea-salt region 041 041
MODIS Moderat It regi —-0.02 0.16
MISR oderate sea-saltregion _J'0c (']q
AERONET  Oceanic region —-0.43 0.44

(MODIS) and 0.41 (MISR) indicates an average overesti-
mation by a factor of 3.0 and 2.6, respectively. In the high
OM region, the model systematically underpredicts AOD by
a factor of 3 compared to MODIS and MISR.

3.3 Evaluation against AERONET AOD and AC

www.atmos-chem-phys.net/10/2129/2010/

The geographical locations of the 28 AERONET sites are
presented in Fig. 5. Figure 6 shows a scatter plot of
annual-average AOD prediction and AERONET AOD at 28
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Fig. 5. Geographical location of 28 AERONET sites used in this g o1
work. Biomass burning sites are green, dust-dominated sites are 0.01
pink, polluted continental sites are orange, and marine sites are blue
The site numbers correspond to those in Table 3.

Measurement AOD

e Biomass burning e Polluted continental

® Oceanic ® Dusty

measurement sites divided into four categories: biomass

burning (green), dusty (pink), polluted continental (orange),Fig. 6. Scatter plot of AOD from the model and AERONET.
and oceanic sites (blue). Table 4 shows the correspondingiomass burning sites are green, dusty sites are pink, polluted con-
LMNB and LMNE for each regional category. Figure 7 tinental sites are orange, and oceanic sites are blue. The thick and

shows temporal distributions of model AOD and AERONET thin solid lines are for 1:1 and 2:1, respectively. The thin dashed
AOD from January to December. line is for 10:1. The site numbers correspond to those in Table 3.

The model predictions are mostly underestimates in the

biomass burning sites (1 to 6) and are more severe in SOUtf), s are within a factor of 2.8 of observed values (LMNE:
American sites (1, 2, and 3) and the South African site (4). 44) Bermuda (23) and Rottnest Island (27) are also influ-
llorin (5) and Banizoumbou (6) are also influenced by min- o\ .o by other aerosol species, e.g. long-range transported
eral dust aerosols, which may explain why they are better ;.1 qust. Note that Nauru (28) is not shown in Fig. 6
predicted than sites 1 to 4, which are dominated by biomasgye .5 ;se its model AOD (0.005) is very low. Without Nauru
burning. Model AOD is underest|mated_ by a factor_of 4.2 (28), which suffers from low wind speeds predicted by the
(LMNB: —0.62) on average for these sites. Excluding the,,qe| (see Section 4), the model prediction is within a fac-
two sites in North Africa where mineral dust is also trans- y, ¢ 5 consistent with good model prediction in moderate
ported (sites 5 and 6), the model AO,D is underestimated bysea-salt region for the evaluation with MODIS and MISR.
afactor_of_7.2 (LM!\IB:—O.8§). Possible causes of the un- Figure 8 displays seasonal cycles of monthly averaged
derprediction are discussed in Sect. 4. model AC and AERONET AC. Higher ACX1) indicate an
Most dusty sites (7 to 14, except 9) agree with AERONET aerosol dominated by fine mode particles, while lower AC
AOD within a factor of two. The AOD in dusty regionsis un- (<1) indicate a substantial fraction of coarse mode particles
derpredicted by only 10% on average (LMNB0.05), and  (e.g. Holben et al., 2001). AERONET AC in biomass burn-
the model predictions are typically within a factor of 1.6 of ing regions (1-4) is mostly above 1 throughout the year and
observed values (LMNE: 0.21). In Fig. 7, dusty sites (7 t0 s the highest during the dry season, the maximum biomass
14) agree well with AERONET except summer and autumnpyrning season. Model AC in Alta Floresta and Mongu is
periods in regions influenced by Africa dust (sites 5 thoughwithin the interannual variability of AERONET AC except
9). the spring in Alta Floresta. llorin and Banizoumbou shows
All polluted continental sites (15 to 22) show good agree-low AC during the spring and high AC during summer, which
ment except Mexico City (19), which is underpredicted by reflects the seasonal influences of mineral dust and biomass
an order of magnitude. The AOD prediction in polluted con- burning in those regions. Generally dusty sites have AC be-
tinental sites is underestimated by a factor of 1.4 on averdow 1 in the presence of mineral dust but the model under-
age (LMNB: —0.15), and the model predictions are within a predicts AC compared to AERONET for Capo Verde, Sede
factor of 1.7 of observed values (LMNE: 0.23). Excluding Boker, Bohrain, and Solar Village. Polluted continental sites
Mexico City, the AOD predictions are better, with a LMNB show generally good agreement to AERONET, although the
of 0.95 and LMNE of 0.11. The oceanic sites (23 to 28) model AC tends to be slightly higher than observed. Oceanic
are underpredicted, more severely near the equator (28). Thates, except Bermuda, tend to underpredict AERONET AC.
AOD prediction in oceanic sites is underestimated by a fac-
tor of 2.7 on average (LMNB:0.43), and the model predic-
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Fig. 7. A comparison of monthly averaged model AOD (solid lines) and AERONET AOD (dashed lines). The bars around the AERONET
data denote minimum and maximum monthly average values in the multi-year measurements. The site numbers correspond to those ir
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as shown in Fig. 6. This underprediction is very likely be-
cause the model grid size is too large to capture the unique
Generally, the GISS-TOMAS evaluation of AOD against topographical features of the Mexico City air basin. This
MODIS, MISR, and AERONET shows good agreement underprediction is also found in other models (Kinne et al.,
(within a factor of 2) with the best agreement occurring in 2003). The underprediction of AOD in dusty regions during
polluted continental regions (high sulfate regions), dusty re-June to October is illustrated in Figs. 2 and 7. This is due
gions, and moderate sea-salt regions. One of polluted contito low surface wind speeds that results in underestimation of
nental locations, Mexico City, is significantly underpredicted mineral dust during summer and autumn (Lee et al., 2009).
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measurements.

Significant underpredictions in AOD are found over the mass is associated with particles smaller than 4 um dry di-
equatorial oceanic regions (e.g., Nauru, 2008), while signif-ameter (Pierce and Adams, 2006). The model significantly
icant overpredictions are found over high-latitude marine re-underpredicts sea-salt mass concentrations at Naurt§0.5
gions. To investigate this further, Fig. 9 shows a scatter plotl67 E) and Enewetak Atoll (11°N 162.3 E), where the
of simulated and observed sea-salt surface mass concentrabserved sea-salt mass concentrations are highest. In con-
tions from Savoie and Prospero (1977), divided into NH hightrast, the model agrees well with observations at Fanning Is-
latitude, SH high latitude, and near equatorial regions. In ordand (3.9 N 159.3 W), where the observed concentrations
der to match the PM inlet of typical aerosol samplers in are moderate. The model’'s tendency to underpredict sea-
an environment with 80% relative humidity, similar to the salt mass (and therefore AOD) in equatorial marine areas is
procedure used by Guelle et al. (2001), predicted sea-salhostly due to low biases in GISS GCM wind speeds that
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reduce sea-salt emissions (Pierce and Adams, 2006). Inaddi 1000
tion, a potential issue of heavy precipitation near the equator
that causes low aerosol loading in GCM ModelE (Miller et
al., 2006), with some of the same physics as the GISS GCM e
II', may partly explain the underprediction at the equator. 9
For high latitude, the model AOD substantially overpre- = 10 1 -7
E

— 100 -

e Hegd, -
m Epswetak

s

~" Atoll
Pid ®Nauru

dicts observations. The clear-sky AOD from satellite is ex-
pected to be much lower than the all-sky AOD from our
model at high latitudes. Figure 2 in Schmidt et al. (2006)
shows AOD from the clear-sky and all-sky in GISS Mod-
elE, and AOD in SH/NH high latitude is much higher in all-
sky due to the particle growth by water uptake at high rel-
ative humidity in cloudy-sky. In fact, the model high AOD Observation [ug m”]
is mostly contributed by aerosol-associated water mass. The
average hydroscopic growth factor in SH high latitude’ (S0
to 65° S), defined as the wet particle mass divided by the dry
particle mass, is about 12, corresponding to a relative hu¥ig. 9. Scatter plot of annually averaged surface mass concentra-
midity of 95%. Even though the mass extinction efficiency tions of sea-salt predicted by the model and measurements in units
decreases with particle size and is generally small in coars€f Hg T3 at 273K and 1013 hPa. Thick and thin solid lines are the
mode, high sea-salt mass as well as water mass increaséé.l line and 2:1 lines, respectively. Dashed lines are 10:1 lines.
AOD significantly. As a lower bound on AOD, we also
computed the dry AOD predicted by our model. The clear-
sky AOD will, of course, be greater due to water uptake by SH high latitude. AOD averaged from 28 to 60 S using
aerosols. At high latitudes, where the model AOD is a factorMartensson et al. (2003) and O’Dowd et al. (1997) are only
3-5times higher than satellite-retrieved AOD (shown Fig. 3),20% and 60% of AOD using Clarke emission, respectively.
the model dry AOD is lower than observations by a factor of This comparison indicates that AOD at SH high latitudes is
2-3 (not shown). Performing a meaningful model-satellitelargely a function of sea-salt emission scheme. Given the
comparison in this region is greatly complicated by severalfocus on CCN in our model, the Clarke emission parameter-
related challenges: difficulties in cloud-screening the satelization is chosen for its inclusion of ultrafine sea-salt parti-
lite data, infrequent and possibly unrepresentative samplinggle emissions emission based on Clarke et al. (2006). Fig-
and determining the appropriate amount of aerosol water upure 6 in Pierce and Adams (2007) shows mass size distri-
take in the model for comparison against satellite observabutions of various sea-salt emission schemes averaged over
tions. Southern Hemisphere (SH) high latitudes that are evaluated
For NH high latitudes, the model sea-salt and mineral dus@gainst Berner Impactor measurements. Unfortunately, the
in Mace Head (53N 10° W) and Heimaey (63N 20° W) Berner Impactor is inefficient at collecting supermicron par-
are underestimated, but the discrepancy is less than a factdicles, which contribute the most mass. However, among sea-
of two, except the mineral dust in Heimaey {63 20° W), salt emission schemes, the Clarke emissions indeed produce
which is underpredicted more than an order of magnitudehigher mass (noticeable for supermicron particles) compared
However, the model AOD is overpredicted by a factor of 2—3t0 and because the resulting number size distributions com-
compared to MISR data and a factor of 3-4 for the MODIS pare well with observations. Unfortunately, the mass distri-
data: this difference between MISR and MODIS in high lat- bution with the Clarke scheme appears to contribute signifi-
itude could be due to cloud screening algorithms (Myhre etcantly to the AOD overestimation.
al., 2005). The overprediction of AOD in NH high latitudes A minor factor contributing to the AOD over-prediction in
may be mostly due to including cloudy-sky. these areas may stem from a planetary boundary layer that is
For SH high latitudes, Fig. 9 shows the overprediction somewhat too deep. The planetary boundary layer obtained
of sea-salt mass by about a factor of 2.6 in Palmer Stafrom MERRA (Modern Era Retrospective-analysis for Re-
tion (65 S 64 W). Worse agreements are found at Marsh search and Applications), a NASA reanalysis for the satellite
(62°S 58 W) and Mawson (68S 62 E). The overpredic- era using a major new version of the Goddard Earth Observ-
tion of sea-salt mass concentrations in SH high latitude reing System Data Assimilation System Version 5 (GEOS-5),
gions may be mainly due to the emission scheme used. Figin these regions is typically600 m, corresponding approxi-
ure 5 in Pierce and Adams (2006) presents four different seamately to our lowest model layer (984 to 934 hPa). Approx-
salt emission schemes and the model simulation with Clarkémately half of the column sea-salt in our model remains in
et al. (2006) results in the overprediction of sea-salt masghis lowest layer while~25% and~15% are found in the
concentration at Palmer Station; currently our model usesecond (934 to 854 hPa) and third (854 to 720 hPa) layers re-
sea-salt other schemes. In fact, this leads to high AOD ovespectively. The presence of sea-salt in these layers suggests

la

01 T T T
0.1 1 10 100 1000

¢ NH high latitude = Near equator (20° S-20° N) A SH high latitude
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a sea-salt layer that is too deep, but the effect on model AOQthe maximum. However, the model-predicted wet depo-
is unlikely to be greater than a factor of 2 and, therefore,sition lifetime over the AERONET sites in South Amer-
smaller than the issues discussed above. ica is ~16 days for August~5 days for September, and

The model underpredicted AOD in biomass burning re-~4 days for October and November. For comparison, our
gions compared to both AERONET and satellite measure-global mean aerosol OM lifetime with respect to wet depo-
ments. To investigate any problems associated with that insition is ~5 days. For September and October, correspond-
ventory in biomass burning regions, two additional biomassing to the mid and later biomass burning and dry seasons,
burning emission inventories were tested: the Global Fireour model-predicted aerosol wet deposition lifetimes-&f
Emission Database (GFED) emission year 2000 (van dedays (similar to the global average) seem too short. How-
Werf et al., 2004) and an emission inventory used by theever, when comparing model precipitation to monthly aver-
IPCC Third Assessment Report (IPCC, 2001), which isage precipitation measured by the TRMM satellite (obtained
based on Penner et al. (1993) and Liousse et al. (1996) (sest http://agdisc.gsfc.nasa.gov/Giovanni/agvliem August
more detailed description in Pierce et al., 2007). Using theto November in 2002, no clear sign of model overprediction
same OM:OC ratio assumption as our model, the GFEDis found. Therefore, our model appears to be wet deposit-
emission inventory gives similar total OM emission rate asing organic aerosol too quickly in these areas despite having
BOND emission, but the seasonality of predicted AOD in reasonable precipitation rate. Future work should investi-
South America using GFED emissions is improved. Thegate errors in precipitation distribution and frequency as well
IPCC inventory has higher emissions than the BOND in-as aerosol scavenging efficiency to understand the source of
ventory (54 Tgyr! compared to 45 Tg yr! for primary OM these biases.
and 5.7 Tgyr! compared to 3.3 Tg yi! for EC). Using the The predicted organic and elemental carbon concentra-
IPCC inventory, the model's AOD prediction in South Amer- tions from the simulation with the Bond emission inventory
ican sites (1, 2, 3) is improved (not shown), but it is still un- are compared to the Large Scale Biosphere-Atmosphere Ex-
derestimated by a factor of 5, as compared to a factor of 7.5periment in Amazonia — Smoke, Aerosols, Clouds, Rainfall,
with the original Bond et al. (2004) emissions. In summary, and Climate (LBA-SMOCC) experiment 2002, which was
our model underpredicts AOD in South America with any of conducted in Ron@hia (10 S 62 W), Brazil during Septem-
the commonly accepted biomass burning emission inventober to mid-November 2002 (Decesari et al., 2006). The
ries. model fine OC concentration (5.5ug® and EC concen-

Biomass burning emission has large spatial and temporairation (0.9 ug m?) during the dry season are 17% and 80%
variations, and the year 2000 GFED emissions are the lowef the observation (31.6 pgm for OC and 1.1 pg m? for
est year in the 1997 to 2006 time period (van der Werf et al.,EC), respectively. For the simulations with the GFED emis-
2006). Use of relatively low biomass burning emissions in sion year 2000, the model fine OC concentration is slightly
this work means that we expect a certain amount of underhigher but only 26% of the observation. Although this is a
prediction compared to multi-year AERONET AOD (from rough comparison, it links the underprediction of AOD with
1999 to 2005, see Table 3 for details regarding time period)the underprediction of surface mass OM concentration dur-
In Kinne et al. (2006), global models based on the GFEDing the dry season.
emission year 2000 have generally underpredicted AOD over |n general, model AC reflects the dominate aerosol type
the tropical biomass burning regions even when comparedn a region and tends to agree with AERONET AC. Despite
to AERONET AOD observed in the same year. AERONET poor AOD predictions in biomass burning regions, AC is well
AOD over Abracos Hill (11S 62 W) in South America  predicted. Dusty sites (7, 10, 11, 12) underpredict AC com-
is approximately 0.5-0.6 in August and September, whilepared to AERONET. The dust model in the GISS-TOMAS
AOD averaged among participating global models is aroundmodel produces few sub-micron dust particles compared to
0.3-0.4 and the lowest AOD is around 0.1-0.2. Our modellimited available observations (Lee et al., 2009), which may
AOD is 0.12 (August) and 0.17 (September). Global mod-explain the lower AC. Model AC in Barbados and Bidi Bahn
els have generally underestimated AOD over biomass burnis overpredicted from June to October, which can be ex-
ing regions. Our tendency to underpredict AOD in biomassplained by an underprediction of mineral dust mass concen-
burning regions is similar to some other global models buttration (Lee et al., 2009).
towards the low end of the range.

In our model, this general tendency to underestimate
biomass burning AOD values seems to be related to web Summary and conclusions
deposition, although it appears that the bias stems from
the wet deposition parameterization rather than errors iPA module for calculating AOD is developed for the eval-
precipitation. Wet deposition is a major removal processuation of the GISS-TOMAS global aerosol microphysics
for the carbonaceous aerosols, but its lifetime is expectednodel, and model predictions are evaluated against remote
to be long during the typical dry season, in August andsensing data from MODIS, MISR, and AERONET. Gener-
September, when the biomass burning emission reaches tlly, evaluations against satellite-based and AERONET AOD
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lead to similar conclusions. However, the global coverage ofAcknowledgementsie acknowledge the MODIS and MISR
satellite data greatly increases our confidence that these comission scientists and associated NASA personnel for the produc-
clusions are true for large regions and are not Significanﬂyﬂon of the data used in this work. We thank the PI investigators
dependent on local factors specific to AERONET sites. Theand their staff (Brent Holben, Didier Tar Rick Wagener,
model AOD agrees with AOD retrieved from satellites within Rémesh P. Singh, Arnon Kamieli, Rachel T. Pinker, Naif Al-
a factor of two over polluted continental, dusty, and moder-APPadi. Giuseppe Zibordi, Doug Moore, Kenneth J. Voss,
ate sea-salt regions. Similarly, the AOD evaluation againsto adette Chatenet, Xiao-Ye Zhang, and Laurent Gomes) for
’ L establishing and maintaining the 28 sites used in this work and for
AERONET agrees ger_1era||y within & fa?tor OT two over pol- providing the ground-based aerosol data used in this work.
luted continental locations (except Mexico City), dusty, and
remote oceanic sites except equatorial oceanic sites.

In equatorial marine regions, the model AOD is signif-
icantly underpredicted compared remote sensing measure-
ments. The low AOD results from an underprediction in sea-
salt concentrations, which in turn result from wind speeds in
the GCM. High precipitation rates may also play a role.

There are large errors-@ factor of 5) over high latitude
marine regions in both the Northern and Southern hemi-
spheres. Overprediction of AOD in high latitude is likely
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