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Abstract. Ant hropogenic aerosols are a key factor go-camsedh i ng
climate change. However, b e c #al,saed dynmdmical properses, hesools are omp bf the p
most uncertain aspects of climate modeling. Fortunately, aerosol measurement networks over the past few decades have |
to the establishment of lortgrm observations for numerous locations worldwigerther, the availability of datasets from
several different measurement techniques (such as gtmsatl and satellite instruments) can help scientists increasingly
improve modeling efforts. This study explores the value of evaluating several-siwdigited aerosol properties with data

from spatiallycollocated instruments. We compare optical depth (total, scattering, and absorption), single scattering albedo,
Angstrém exponent, and extinction vertical profiles in two prominent global climate m@fel. CM2.1 and CM3)to

seasonal observations from collocated instruments (AERONET and CALIOP) at seven polluted and biomass burning regions
worldwide. We find thata multiparameter evaluatioprovides key insights on model biasesgdata from collocated
instruments can reveal underlying aeregolerning physics; column properties wash out important vertical distinctions;
and fAi mprovedo models does not mean all aspects are i mp

data (paramters and instruments) when evaluating aerosol properties derived by models.

1 Introduction

Industrial, residential, transportation, and agricultural activities have considerably increased the amount of aeresols in th
atmosphere since the onset of theustdal Revolution in the mid9th Century (e.g., Solomon et al., 2007). Atmospheric
aerosols are important for Earthdéds climate becausenthey
also serve as cloud condensation nuclei.(e.g Boucher et al ., 2013) . Aerosol sbdé c
space through scattering of sunlight, trapping additional energy in the Earth system through absorption ofasdnlight
longwave radiationreducing insolation at the sucfee , and modifying c¢cloud propert:i

radiation budget and influence climate conditions (e.g., Ocko et al., 2014).

Aerosols have relataly short atmospheric lifetiméson the order of a weekand therefore their atmosphedistributions

are relatively localized near emission sourcas compared to greenhouse gasdse spatial heterogeneities in aerosol
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distribution lead to strong regional differences in radiative forcing, and consequentially in regional climate effects (e.
Ramanathan and Carmichael, 2008; Shindetl Faluvegi2009; Bollasina et al., 2011). Further, sources of anthropogenic
aerosols are mainly in the Northern Hemisphere, leading to a meridional asymmetry in distributions and aerosol forcings
acrossthe wo hemi spheres. Aerosol 6s perturbation of the ener

shown to influence largscale circulation as well as local climate (Bollasina et al., 2011; Ocko et al., 2014).

Aerosol vertical distributionsan also influence climate conditions. Radiative forcings are particularly sensitive to vertical
distributions of aerosols due to the relative location of clouds, attenuation of insolation, and relative humidity (@apdHay
and Ramaswamy, 1998cko etal., 2012;Samset et al. 20)3The vertical profile of absorbing aerosols, in particular, has a

strong bearing on the hydrological cycle (Ming et al., 2010; Ocko et al., 2014).

In order to fully understand how aerosols influence climate, it becomes agcés®mploy numerical models to simulate
aerosol distributions and properties, evaluate their perturbations to the radiative budget, and investigate changds in therme
hydrological, and dynamiceahtmospheric and oceanjmroperties.To build confidenceri model resubk, however, it is
importantto evaluate aerosol propertiagainst available observatiorSor the past few decades, letggm time series
measurements of global aerosol properties have accumulated from -tpamsed and satellite instrumentSpatially
collocated instruments provide opportunities to compare model data with multiple datasets, and the retrieval of multiple

aerosol properties from some instruments provides opportunities to evaluate severalanigddlaerosol parameters.

The Agosol Comparisons between Observations and Models (AeroCom) project has pioneered aerosol evaluation in
numerous chemistriransport models and global climate models (e.g., Kinne et al., 2006; Koffi et al. 2012), highlighting
model diversity of aerosol pperties (e.g.Schulz et al. 2006; Koch et al. 2Q0Bsigaridis et al. 2014 Earlier AeroCom

studies relied heavily on twdimensionalAErosol RObotic NETwork (AERONETand Moderate Resolution Imaging
SpectroradiometeMODIS) measurements (Kinne et al0@6), while recent studies have incorporated taliegnsional

Cloud Aerosol Lidar with Orthogonal Polarizatiq€ALIOP) measurements(., Koffi et al. 2012).However, nost studies

do not take advantage of all available databetgond regional analysiKinne et al., 2006; Huneeus et al., 2Q1dyen

thougha multidataset approach can provide a more comprehensive picture (Miller2étdl),

Because the horizontal and vertical distributions of anthropogenic scattering and absorbing aerosols deuiteats a
climate responses to the forcings (Ginoux et al., 2006; Donner et al., 2011; Naik et al., 2013; Ocko et al., 201#galt is cri
to improve model performance of aerosol optical propettese weshow thatcompaimg multiple modetsimulatedaerosol
properties from two prominentrelatedclimate modelsvith vastly different aerosol treatmeritdo availabledatasets from
spatially collocated groundbased and satellite instrumenssimportant for determining model biasd®y characterizing
model strengths and weaknesses, we are able to provide feedbagkove emission scenariasdaerosol propertiefor

future model generations.
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We analyze two worlgdenowned climate models from the same development famMOAA GFDL CM2.1 and CM3.
These models have been used@amupled Model Intercomparison Proj¢@MIP) 3 and 5 respectively and are included in
the Intergovernmental Panel on Climate Change (IPCC) repgetsuild on model evaluations performed by Donner et al.
(2011) and Naik et al(2013) that looked abasic annuaimean aerosol optical properties anBecause the aerosol
treatmentdn the two modelsre starkly differentas we present iection 3 comparing multiple optical properties with
spatiallycollocated instruments epecially useful in identifying possible sources of emnich are otherwise challenging

to determine

Through evaluation of regionahd seasonahodel performance using the Muiéthgle Imaging SpectroRadiometer (MISR)

and MODIS observational datasetg identify that the largest model discrepancies are isolated to the most polluted areas.
We therefore select seven locations worldwide that represent a diversity of conditions, and use high resolution point date
(AERONET) and threelimensional satelliteata (CALIOP) to better understand the model biases.

2 Observational datsets

We compare presedtay model aerosaobptical depth(in the visible wavelengths) teatellite observationgMISR and
MODIS) to determine regional model performan@ée thenselect severocationsworldwide that(i) have strong model
biases based on the MISR/MODIS analysis,h@ye longterm seasonal time series of measurements (at least seven years of
AERONET data) (iii) have relatively large amounts of anthropogenic sty and absorbing aeroso{s;) encompass

range of different anthropogenic conditions (suctslaghtly polluted vs. majorly polluted), an@) have global coverage

four of the cities represent industrialized regions, while the other three citieseap biomass burning regioreveral
modelderived aerosol optical properties at these seven locations are compared to high regolutidbased data from
AERONET andsatellitedatafrom CALIOP.

To represent industrialized areas, we chdat fromthe Atmospheric Radiation Measurement (ARM) Climate Research
Facility in Oklahoma, U.S.; Belsk, Poland; Kanpur, India; and €Kang University in TaiwanThe ARM facility, located

in the smallrural town of Billings, Oklahoma (population around 606pnta ns t he wor |l dés | argest
site that expands across 9,000 square mildsle it is located inthe southern Great Plaing is not without influence of

upwind pollutionfrom heavyindustriesin Texasas discussed by Andrews et al. (201ust from the southwest U.S.,
northern Mexico, and even Asia also influence the area (VanCuren and Cahill, 2002; Andrews et al., 2011). Belsk, Poland is
a village28 miles south of Warsaw with a population of les®th@,000. It is influenced by biomass burning in eastern and
sout hern Europe (Jarosl awski and Pietruczuk, 2010) and
market economy in 1990 and the economic crash of 2008 have reducdpaiterthe yeargThe World Bank, 2011).

Kanpur, on the other hand, is one of the most polluted cities in the withidh population of over 2.5 milliorThe cityin

India is influenced by heavy industry, nearby deserts, and biomass burnisgasbnahgricultural crops(Reddy and
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Venkataraman, 2002; Venkataraman et al., 2006; Dey and Di Girolamo, Z0&0pcal meteorology plays a large role in
aerosol load due teuppressed precipitatiatfuring the postmonsoon season (Dey and Di Girolamo, 201Then Kung
Universityi s a | ar ge, prestigious r es e arTahan(populatioeof rearly 2/milliom).c at e ¢
The area is polluted yeaound due to heavy industries nearby (Chen et al., 2009), with seasonal influences frassbio
burning and intense dust storms (Chen et al., 2009; Wong et al., ZIfliB)ese four sites, the longest AERONET time

series we use is 16 years in Oklahoma (12940), and the shortest is eight years in Belsk and Taiwani(200Q).

To represent bimass burning areas, we chose Alta Floresta, Brazil; Mongu, Zambia; and Mukdahan, ThAdt#aRkbresta

is located near the Amazon rainforest and is a popular ecotourism dest{papoiation of 50,000A part of Br az
of Hiardlaction 6 communities that burold-growth forests for agriculture or timbérit was in severe violation of
deforestation laws until 201@ackson, 2014)Peak emissions occur in September, although efficient transport of aerosols
during the dry season (before dust) expor aerosols out towards the Atlantic Ocean (Freitas et al., 2008)gu
(population around 200,000) is located in tropisaluthermfrica along the Zambezi Rive€onsistent yearlyudrning ofthe
woody-grassland environment follows a seasonal ti@othe through Novembecharacterized by shifts in fuel burnt as the
dry season progsseqEck et al., 2013)Mukdahanin Thailandis also located along a river, Mekong, with a population
around 200,00QJnlike Alta Floresta and Mongu, Mukdahan has two seasonal peaks in aerosohlauearly spring and

one during fall. Nearby crop and vegetation burning, along with wildfires, gamissions Alta Floresta contains the
longest timeseries with 19 yars (19982012), and Mukdahan contains the shortest with seven years 220@3.

2.1 MISR

The Multi-angle Imaging SpectroRadiome{®tISR) is an instrument aboard the Ssynchronous orbiting Terra spacecratft,

and is comprised of nine cameras set at particular angles to capture global multiangle imagery (Diner et al., 1999).
Operational since 2000, M fo& Rpeatral basds (blees greerg red, &nd-sdeated) angimt n e s
different directions using a multiangle pushbroom imager. Global coverage time is nine days, with a spatial resolution of 275
m to 1.1 km depending on the channel. MISR has been shown &ssfidly retrieve AOD over land and water (Kahn et al.,
2009), and one of its benefits is its ability to retrieve data over bright deserts. We use Level 3 monthly mean AOD data on
0.5x0.5 degree grid averaged from 20B004 to compare with regional modeDB.

2.2 MODIS

The Moderate Imaging resolution Spectroradiometer (MODIS) instrument is also aboard the Terra spacecraft (operational
since 2000), and complements MISR due to its greater spatial coverage (2330 km wide) and shorter revisit time of two day:s
(Remer et al., 2005). MODIS is a whisk broom imaging scanner with measurements in 36 bands between 0.4 and 14.5 pm

Studies have found that for coincident retrievals, MISR and MODIS AOD values have a correlation coefficient of 0.9 over
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ocean surfaces and @Yer land (Kahn et al., 2009). MODIS retrieval uncertainties are found for low AOD where algorithm
artifacts are evident. We use the Level 3 monthly mean Collection 6 AOD from MODIS on Terra platform 1x1 degree grid
averaged over 2002004 (Levy et al., @13).

23 AERONET

The AErosol RObotic NETwork (AERONET) is a grouhdsed, remote sensing, sun photometer measurement network
with more than 300 stations worldwide (Holben et al., 1998, 2001). Originally established by the National Aeronautics and
Space Adhinistration (NASA) in the 1990s, it has been greatly expanded by other institutions and offetsriong
continuous, and readily accessible data. AERONET provides direct measuremasitssol optical depthAQD) and the
Angstrom exponent Uand useinverse algorithms to derive further optical properties such as scattering AOD, absorption
AOD, and singlescattering albedo. There are eight wavelength filters. To isolate AOD from other atmospheric gases and
particles, the radiation attenuation due tdeRen scattering and absorption by ozone and gaseous pollutants is estimated and
removed. Three measurements are taken 30 seconds apart, six to nine times a day. Wevse?tdata, which are quality

assured and cloud screened (Smirnov et al., 2000).

We compare AERONET measurements of AOD, scattering AOD,
the CM2.1 and CM3 models for all seven citiess these locations represent different environments with strong
anthropogenic influenc&ome dat is missing (such as at Alta Floresta) due to lack of high enough AOD for retfibeal.
AERONET AOD in the visible spectrum is measured at 44Q(lnioe), whereas the model AOD in the visible spectrum is
only archivedat 550 nm(green)wavelengthBecause ofhe spectral variatiorof some aerosolacross the visible and near

UV spectrum(such as dust) wase the AERONETmeasured Angstrom expondrgtween 440 an70 nm to convert the

AOD at 440 nm data to 550 nwWe use the inverse products deriveahi the Dubovik algorithm (Dubovik and King, 2000;
Dubovik et al., 2002; Dubovik et al., 2006). While AERONET retrievals of AOD are greatly accurate, additional properties
derived from inverse algorithms are subject to random noise, systematic errousnémal offsets, and uncertainties in the
radiation model (Dubovik et al., 2000).

24 CALIOP

The CloudAerosol Lidar with Orthogonal Polarization (CALIOR) an instrument aboard the Clééerosol Lidar and

Infrared Pathfinder Satellite Observation (CRISO) satellite, launched in 20Q®/inker et al., 200%. CALIOP employs

LIDAR to measure vertical profile AOD and extinction at two wavelengths (532 nm and 1064 nm). Global monthly gridded
Level 3 data are available from 2007 to 2011 with a vertical résolaf 3060 m and a horizontal resolution of 333 Wie

use the latestersion 3 data that have been described and validated by Winker(20E3. AeroCond s eval uati o
CALIOP datausedLevel 2 data from 2007 to 2009 (Koffi et al., 2012vel 3 provides a more robust comparison than that
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by Level 2 due to numerous algorithm improvements, significant bugs fixed;adibdation improvement<CALIOP Level

3 2x5 degree grid has a monthly temporal resolutiemors inCALIOP data are due to a combiiwat of many factors, such

as instrument calibration and offsets, cloud contamination, low sigraise ratio, and uncertainties in multiple scattering,
LIDAR ratio, molecular numbedensity, and accumulated aerosol attenugtdimker et al., 2018 Conparison of CALIOP

AOD with AERONET indicates that CALIOP values are lower, especially at low AOD, due to cloud contamination, scene
inhomogeneity, instrument view angle differences, CALIOP retrieval errors, and detection limits (Omar et al.,V2813).
compare monthlyextinction vertical profile measuremeng 532 nm to the model estimates (at 550 nm) for the
industrializedand biomass burning site#/hile the data we use from CALIOP is spatially collocated with the AERONET
stationsand model datait is not temporally collocated. A recent study has shown that temporal collocatiobe

significant and sampling errors are introduced when it is not considered (Schutgens et al., 2016).
3 Model description and simulations

The National Oceanic and Atmpheric Administration (NOAA) Geophysical Fluid Dynamics Laboratory (GFDL) CM2.1
model (Delworth et al., 2006) and CM3 model (Donner et al., 2011; Griffies et al., a8énployedfor this analysis.

CM2.1 is a state@f-the-art coupled climate model witreasonable aerosol distributions (Ginoux et al., 2006) precomputed
offline through the chemical transpaonbdel MOZART-2 (Horowitz,2006§. CM2.1 contains a notably successful simulation

of Earthds climate conditi o 2086),andé adjutdgedto he a ®p tierenedeltbasedyon theK n
climate metric examination by Reichler and Kim (2008). CM3 is the next generation climate imadgth aerosols fields

are now calculated online with representations ofagassol chemistrard aerosckloud interactions (Donner et al., 2011;

Naik et al., 2013).

Aerosol parameters captured by the models include aerosol optical depth (AOD), scattering and absorption AOD, scattering

extinction, and absorption extinction. We use these parametessculate singlscattering albedo (SSA) and the Angstrém

exponent (U). The jngstr°m exponent is a proxy of part.i
of AOD, and relies on the differential measurements to provide an irwicati o f particle size. A s
|l arger particles, such as dust. A larger U correspdnds
cities worl dwide, Dubovi k et al . Or 2 aniddustrial Arol wiontass durning) i s

particles, and typically less than 1 for dust particles. While the model computed extinction and optical depth in the visible

and neatinfrared wavelength bands, we focus our analysis on the visible wavelengths andtaken to be 550 nm.

The main aeroseielated differences between CM2.1 and CM3 are (i) aerosols are computed (sEin&ection 3.1in
CM2.1 and online in CM3, (ii) emissions inventories are different, (iii) black carbon and sulfate are inl enbetuns in
CM2.1 and internal mixtures in CM3, and (ithe injection height of biomass burning aerosols is included in GI&3

also allows for aerosalloud interactions, but we do not consider those henese changes introduoemerousvariables
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that makedeterminingd i scr epanci es bet welgmpettidsahalleanging to nuandigHere ve carapare s o
the aerosol optical properties from both models to form a thorondbrstandingf whatthe discrepancieare building on

the initial canparisons provided by Donner et al. (2011) and Naik et al. (208)analyze at both regional scales and at
key locationgvia closest model grid boxyherethe major discrepancies between observations and models are lfagkd.

of interpolationof model data in polluted regions may introduce a bias in locations with strong aerosol gradieeteer,
interpolation is rarely employeidr comparisons with observatiobscause the model uncertainties are often larger than the
concentration gradient ithe grid box While we analyze the strengths and weaknesses of the modeis,research is
needed to parse out hamdividual modificatiors contribute to the changes in aerosol properties.

3.1GFDL CM2.1

CM2.1 is a coupled atmosphereeansea iceland global climate model (Delworth et al., 2006). The atmospheric
component, developed by the GFDL Global Atmospheric Model Development Team (GAMDT) in 2004, has a horizontal
resolution of 2° (latitude) by 2.5° (longitude), with 24 vertical levée top leel is around 3Pa Aerosol fields are
precomputed offline by the global thrdemensional chemical transport model Model for Ozone and Related Chemical
Tracers (MOZART2) (Ginoux et al., 2001Horowitz et al., 2003; Tie et al., 2005; Horowitz, 200jth distributions
governed by emissions, chemical transformations (i.e. production of secondary aerosols and hygroscopicity), atmospheri
transport (advection, diffusion, convection), and wet and dry deposition (Tie et al., 2005, Horowitz, ZGO&M2.1

model then calculates the aerosol optical and radiative properties online.

Aerosols accounted for in MOZARZ are sulfate, black carbon, primary organic carbon, secondary organic carbon, and
mineral dust (five size bins based on Ginoux et al. (20049yol and aerosol precursor emissions are taken from
inventories compiled for IPC&ourth Assessment Report (ARBnd presentlay emissions are described in detail in
Horowitz (2006) Anthropogenic sources include emissions from fossil fuel combustion,iafigtlband biomass burning.

The emissions database used here assumes no seasonality for fossil fuel combustion emissions. Biomass burning, on t
other hand, is comprised of a seasonal cycle that is regionally dependent, but is climatological andveloegestto year.
Southern Hemisphere biomass burning sources peak in Sept@cto&erNovember, and Northern Hemisphere biomass
burning sources peak in Mar&pril-May. Natural sources, such as widdven sea spray and dust, biogenic and soil
emissions background volcanic degassing, and oceanic emissions, remain constant over time. Dust and sea salt emissior

are assumed to be entirely naty@inoux et al., 2001).

Black and organic carbon are emitted as 80% and 50% hydrophobic, respetttevegsthydrophilic (Tie et al., 2005)nd
the hydrophobic compoundse converted into hydrophilic forms with a lifetime of 1.63 days (Reddy and Boucher, 2004)
The precursor gas sulfur dioxide is oxidized to sulfate by hydroxyl radical in the gas phasehsualdoggn peroxide and

ozone in the aqueous phase, with the reaction rates provided in Tig2800dl) Secondary organic carbon is formed via
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oxidation of certain volatile organeompoundsRemoval parameterizations fdry deposition, gravitational settlingndin-

cloud and belowcloud wet scavengingre specified for each aerosol tydegribed in detail in Tie et al. (2005)

Aerosols are transported by advection, diffusion, and convection according to prescribmwlogital input fieldsFor all

aerosols except dust, meteorological fields by the National Center for Atmospheric Research Community Climate Model
(MACCMB3) (Kiehl et al., 1998were employegddust was simulated separately using meteorological fieldstireriNational

Centers forEnvironmental Prediction (NCERYational Center for Atmospheric Research (NCARpfysis (Kalnay et

al.,, 1996).Seasalt monthly concentrations are obtained from a previous study by Haywood et al. (1999). They have
assumed a sface concentration proportional to the wind speed using the parameterization by Lovett (1978). Sea salt vertical
concentration is assumed constant from the surface to 850 hPa, and zero above, and this distribution is kept conetant over t

years during theimulations (Ginoux et al., 2006).

Horizontal resolution of MOZART is 2.8° by 2.8°, with 34 vertical layers extending up to 40 km (4 hPa). The model time
step for chemistry and transport is 20 minutes. Taieeensional monthimean decadal aerosol dibutions are archived
from MOZART-2 andremappedo the 2° by 2.5° resolution of CM2.1 with 24 vertical leyelad temporally interpolated.
Aerosol surface concentratiodsrived by coupling MOZART2 and CM2.1lhave been thoroughly evaluated by Ginoux et
al. (2006).

Aerosol optical depth, single scattering albedo, and asymmetry parameter are calculated from optical properties derived fron
Mie theory (Haywood and Ramaswamy, 1998) and the concentrations interpolated from MQZ@&Rdept for sea salt,

which was prescribed following Haywood et al. (1999)he aerosols are assumed to follow a lognormal size distribution
(Haywood and Ramaswamy, 199Blygroscopic growth is considered for sulfate (as pure ammonium sulfate modeled after
Tang and Munkelwitz (1994using simulated relative humidity), and for sea salt (as pure sodium chloride (Tang et al.,
1997), using a fixed relative humidity of 80%). In the radiative transfer code, black and organic carbon are assumed to
remain dry, despite their hydrophilic pempies taken into consideration for removal mechanisms in MOZ2RWhile
anthropogenic fossil fuel emissions of aerosols do not exhibit any seasonality, seasonal humidity generated within the mode
introduces a seasonal pattern to aerosol optical depthtochygroscopic growth. Seasonality of aerosol distributioalsds

influenced by local meteorology.

For our analysis, @ use aarsol parameters computed fronbanemberhistorical simulationensemble where all forcings

vary in time from 1860 to 2@ Five-year monthly meamveragesrom 19962000are usedto represent preseday. We

build upon the analysis in Ginoux et al. (2006) that analyzed CM2.1 AOD at 102 AERONET sites and global coverage from
satellite dataNloderate Resolution Imaging Spectramadeter(MODIS)). Ginoux et al(2006)found that CM2.1 aerosol

distributions were often overestimated in polluted regions, and underestimated in biomass burning regions. In this study, we
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look at scattering and absorption AOD, scattering vertical extinction, absorption vertical extinctionssattgang albedo,

and the Angstrém exponent in addition to overall AOD.

3.2 GFDL CM3

CM3isGFIL6s next g e n e bah dlimate modeldier €M221d Modifications to physics and dynamics are
discussed in Donner et al. (2011). The horizontal domain was changed from a spherical grid to a standard 6 x 48-x 48 cubec
sphere grid, which is effective in avoiding convergence of grid cells at ths. por reference, the grid boxes for the cubed
sphere framework at the equator are only slightly smaller than that of the Cartesian grid in TM2aimount of vertical

levels was doubled from 24 to 48 to better capture stratospheric chemical andaymantessesand the uppermost level
increased from 3 Pa in CM2.1 to 1 Pa.

The aerosol treatment in CM3 is very different from CM2.1. First, emissions inventories are different. Sexindrosol
distributions(including sulfate, black carbon, orgargarbon, dust, and sea salte computed onlinand interactivesuch
that the distributions are consistent with the magiierated meteorologyhird, aerosolcloud indirect effectsare enabled
through the clouéhlbedoand cloudlifetime effecs, and he wet deposition scheme is coupled to cloud microphysics
(Donner et al. 2011)we note however that we do niotludethe indirect effects of aerosols aur analysisAnd fourth,

sulfate and black carbon are assumed tbdreogenouslynternally mixed forradiative calculations.

A modified version of MOZART2 is inserted into CM3, simulating 97 chemical species, 16 of which are aeNis@lte is
simulated in CM3 but is not radiatively active due to its small forcing®wasd by previous studiegNaik et al,, 2013)
However,recent studies have shown that inclusion of nitrate in the radiation scheme improves model AOD (Paulot et al.,
2016). Instead of using Hmouse emissions as in CM2.1 (Horowitz, 2006), the emissions in CM3 were provided by
Lamarque tal. (2010) an inventory that was compiled for the Climate Model Intercomparison Project Phase 5 (CMIP5) in
support of the Intergovernmental Panel on Climate Change (IPCC) Fifth Assessment ReportT@#RB)nissions of
aerosols in Lamarque et al. (201dk generally lower thathatused in CM2.1 gee Table 1); presedtay sulfur dioxide,

black carbon, and dust emissions are considerably lower in CM3, while organic carbon is higher. As in emissions used for
CM2.1, fossil fuel emissions of aerosols contap seasonal variations.k&y improvemento emissions ifiomass burning
regionsarethat the aerosols aseertically distributed, unlike in CM2.1, to more accurately capture the injection height of
these aerosol®o information regarding elevation bfomass burning emissions was provided in the inventory, andtbus t

recommendations of Dentener et al. (20&@followed to distribute emissions between the surface and 6 km.

As in CM2.1, black and organic carbon are emitted as 80% and 50% hydrophepaxstively, the rest hydrophilic (Tie et
al., 2005). However, the hydrophobic compounds are converted into hydrophilic forms with a lifetime of 12428zchays,
respectively, a changeofm 1.63 days for both in CM2.1; the increasdifetime of organic aerosoldrom hydrophobic to

hydrophilic is based on experimental evidence in Huang eR@13], whichusesa procesdased aging scheme including
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the effects of chemicabxidation and physical condeaton/coagulationThe treatments of chemistry caeposition are
similar in CM2.1 and CM3 (Donner et al., 2018econdary organic aerosols (SOA) are forrhgdhe oxidation ofnon
methane volatile organic compounds (NMVO®@sm both natural and anthropogenic sources, as described by Dentener et
al. (2006) and Tie et al. (2005), respectiveBOA from natural sources is produced by rapid oxidation of biogenic terpenes,
and SOA from anthropogenic sources is produced byir@Hced oxidation of butandransport of aerosols is similar
overall, but there ardifferences in largecale and subgrid transports that are responsible for some changes in aerosol fields.

Recall that aerosols are now interactive within the meteorology of the model.

Calculations of arosol optical propes (aerosol optical depth, rgjle scattering albedo, and asymmetry parameie®,
distribution assumptionsand refractive indices are unchadgrom CM2.1 to CM3Lognormal size distribution is assumed
for sulfate and carbonaceous aerosalsp unchanged from CM2.1However, hygroscopic growth was limited to 98%
relative humidityin CM3 rather than 99.9% % CM2.1, as 99.9% washown to producexcessive AODn CM2.1(Ginoux et
al., 2006) Further, aey inclusion in CM3 is a globally pervasive internal mixing assumption that @esiddhomogenous
mixture between sulfate, black carbon, and water by a velueighted average of their refractive indicds in CM2.1,
aerosol AOD exhibits seasonality in part due to the seasonal variation in local relative humidity, despite fessit$imhs
not varying seasonally.

We use aerosol parameters computed frommaeber historical simulation ensemble where all forcings vary in time from
1860 to 2005. Fivgear monthly meamverages from 200R004 are used to represent presetay. We build upon the
analyses in Donner et al. (2011) and Naik et al. (2013) that compared-deoikeld AOD to observations. Donner et al.
(2011)found that while the emissions of black carbon are considerably decreased from CM2.1 to CM3 (Table 1)irchanges
AOD are partly compensated by increased absorption from internal mixing with séifetteer, reduced aerosol direct
effects in CM3 led to increases in clesky downward shortwave radiation that were more consistent with observations,
providing strongevidence that aerosol direct effects are better represented in CM3 than in (©di2nkr et al., 2011 Naik

et al. (2013) find that the mean bias of the C#ifBulated global aerosol optical depth is within 5% of satellite
measurements over 1982 to 20@4.the years in which volcanic aerosols in the atmosphere represents a minor contribution
(1996 to 2006), the mean bias is within 20%erall, the improved AOD in CM3 is attributed mostly to changes in emissions
and the new internal mixing treatmegBtonne et al., 2011)We extend these previous evaluations of model performance by
expanding the amount of aerosol properties compared to observations, andnalgning thevertical extinction
distributions We are therefore able to offer further insight itihe discrepancies such that future model generations can

improve their treatment of aerosols.

4 Results and discussion
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4.1 Model aerosol properties

Fig. 1 shows a comparison between total aerosol optical propeitresdatedby the model§ aerosol opticadepth (AOD),
aerosol absorption optical depth (AAOD), and sirggattering albedo (SSA), and Table 1 presents the ghobah values
for the total optical depth€M2.1 values are averages from 182800, and CM3 values are averages from 22004 as
these are the closest mod e.lWedcenatexpectthe diffepemt geare to be am issyetbecausenotl i

the fiveyearmonthlyaverags and absence of any major aerosol events like volcanic eruptions.

The applied emissions and resultigipbal aerosol burden in CM3 is significantly lower than that by CM2.1 (Naik et al.,
2013). However, while sulfate and black carbon emissions and burdens are considerably lower in CM3, the overall aeroso
optical depths (total, absorption, and scatteriagd very consistent between the two models (Table 1). While reduced
emissions and a lowered cap of relative humidity for sulfate hygroscopic growth yield a reduction in AOD in CM3, internal
mixing of black carbon and sulfate introduced in CM3 producelsehidAOD than CM2.1, as explained by Persad et al.
(2014). Further, organic carbon and sea salt glotsdn optical depths have slightly increased from CM2.1 to CM3 ZFig.

While the globalmean AOD and AAOD are relatively consistent between the mottesspatial distributions show
considerable differences. AOD and AAOD over Northeast U.S., Europe, and Australia source regions are much lower in
CM3, whereas Brazil, Indonesia, and India show much higher AOD and AAOD in CM3. It is also clear that meragca

and absorbing aerosols are peatng into the Arctic in CM3 than in CM2.The SSA plots showa higher SSA globally in

CM3, (indicative of more scattering aerosaotdative to absorbing and particularly evidenbver Brazil and the Sahara
desertPart of the discrepancy is related to the difference in climeggorologysimulatel by the twomodels (Donner et al.,

2011).

Figure2 breaks down the total AOD into individual components, and Table 1 provides-giebal emissions, burden, and
optical depths forll radiatively active aerosol speci&ghile sulfate and black carbon are internally mixed in CM3, the total

extinction is partitioned between the two species based on mass.

The individual aerosol AODJifferences betwee@M2.1 andCM3 (Hg. 2) explain severategionaldifferencesseen in Fig.

1. Black and organicarbon biomass burning regions in South America, Africa, and Asia dominate their respective AODs in
CM3, with North America and Europe playing minor roles. Sulfate is constraimedoser proximity to sources in CM3,
yielding less diffusion of AOD in the Northern Hemisphere. Dust from the Sahara plays a slightly lesser role in CM3 than
CM2.1 due to | ower e mi s sandonmgnitudés impraed|fronmdtke elieevgrsian foawhictpitat t e r

was prescribed ith constant value below 850 mb

Overall, attributions of aerosol species to total glohehn AODare5, 59, 6, 18, and 12% CM2.1 for black carbon,

sulfate, organic carbon, dust and sea aalt2, 43, 19, 1125%in CM3, respectively
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4.2 Comparisons of model data with observations

4.2.1Regional comparisons

First we compare regional model monthly mean AOD with satellite data from MISR and MODIS (Figs. 3, 4, and 5). Both
CM2.1 and CM3 successfully reproduce the magnitudes of AOD in unpolluted regions (Fig. 3). In polluted regions in the
Northern Hemisphere mithtitudes, there is a great improvement in AOD magnitude from CM2.1 to @¥dfite lower
emissiongFig. 3). CM2.1 AOD is essentially dominated by sulfate everywhere but Northern Africa, with too little organic
and black carbon in tropical regions and se# in the Southern Ocean (Fig. 4). The CM2.1 biases have been related to
inadequate parametrization of emission forsaand carbonaceous aerosols and excessive hygroscopic growth for sulfate
(Ginoux et al., 2006). With improved emissions of-sah and biomass burning aerosols, and reduced sensitivity to
hygroscopic growth in CM3 (Donner et al., 2011), Fig. 5 shows a larger diversity of aerosol types to AOD ddampare
CM2.1 (Fig. 4). CM3 seasonal AOD is mostly controlled by the sulfate summemumnaxin the Northern Hemisphere mid

latitudes, dust in the subtropical regions, biomass burning in the tropics, and sea salt in the Southern Ocean (Fig. 5).

However, unlike the magnitudes, the model s 4toLK3 éxceptines t

the tropics (Fig. 3). Global dust emission has been uniformly reduced in CM3 compared to CM2.1 (Donner et al., 2011),
which isreducingits major contribution to the spring maximum over East Asia as well as over the North Pacift) (Ffig.

et al.,, 2012). Previous studies have shown that inclusion of nitrate in CM3 considerably improves the seasonal cycle by

reducingthe contribution of sulfate to AOD in summer while increasing it in winter (Paulot et al., 2016).

All of these elementparticipate to deteriorate AOD seasonal variation from CM2.1 to CM3 on a regionallac8kxt.

4.2.2 we will analyze these biases in more detail by focusing on key regions that represent a diversity of locations and
pollution sources (Fig. 6): Oklahomd.S.; Belsk, Poland; Kanpur, India; Chi&ung University in Taiwan; Alta Floresta,

Brazil; Mongu, Zambia; and Mukdahan, Thailand.

While MISR and MODIS are useful for analyzing a broad global coverage of AOD, high resolution data is necessary for
point analysis. Therefore, we employ AERONET and CALIOP to evaluate model data at the seven key locations as they are
complementary in theAAERONET provides data for multiple aerosol parameters (e.g. aerosol optical depth (AOD), aerosol
absorption optical depth (AAOD), singec att eri ng al bedo (SSA), and the jngst
vertical extinction profiles. While studieften compare one or two parameters (e.g. Kinne et al., 2006), the availability of
multiple parameters is valuable in evaluating aerosol properties in a model. Fsjpidally collocated instruments are

beneficial in understanding the discrepanciesvben model and observations.

4.2.2 Evaluating multiple aerosol parametersin polluted regions
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Comparisons ofhe fiveyear averages aghodel data (CM2.1 and CM3) witlverages of all availablBERONET data are
found in Figs.7 (polluted cities) an® (biomass burning regions). Aerosol parameters compared include AOD, scattering
AOD, AAOD, STBeferrorbara fibr thd AERONET data represent yeayear variability in the available data.
Correlation coefficients for monthly mean model versus AERONE& dashown inset.

The site in Oklahoma is in a rural environment compared to the other urban sites we have chosen for model evaluation, an
thereforerepresents areagith background pollution. As expectedtal AOD is considerably lowehan the otherites The

largest nearby cities are Wichita, Kansas; Tulsa, Oklahoma; and Oklahoma City, Oklahoma; and each is at least 100 kn
away. Pollution sources may be heavy industries in Texas cities such as Houston and Dallas, vitole thistsouthwest

U.S. anl northern Mexico, and possibly lorrgnge transport of dust from Asia (VanCuren and Cahill, 2002; Andrews et al.,
2011) could also be causal factors. Air mass Hegjkctories show that summertime air originates in polluted regions of

Texas, while wintgime air is from cleaner, northern sources (Andrews et al., 2011).

Both CM2.1 and CM3 reproduce the AOD (total, scattering
of two (Fig. 7). The seasonality iadequatelyepresentedand is vey strongin CM3 (CM2.1 # = 0.7Q CM3 P = 0.97)
AERONET shows an Oklahoma AOD maximum in May and August, while CM2.1 derives peaks in April and September
attributable to high sulfate AOD (not shown). AERONET, CM2.1, and CM3 all show AOD minimums from October to
February. The models and AERONET botosh a drop in U during springtime re

indicative of the presence of dust, and a rebound in summer attributed to the peaks in sulfate.

CM2.1 AOD is considerably overpredicted in Belsk by a factor of three or more fromta@BiéptemberFhis is partly
attributed to Polandéds shift to a market economy in 19
Bank, 2011) and partly attributed to the economic crash of 2008, not considered in the model. The clscrapainus be
attributed to a mismatch of periods between the model and AERONET. [tM®&yver represents the AOD magnitudes in
Belskto within a factor of two

AERONET shows one peak in April, and another in dlygust. CM2.1 reasonablyeconstructs theeasonalityr? = 0.45

with a slight peak in AOD in April, slight dip May to June, and then slight peak again in July to September, whereas CM3
only has one peak in Juaad an 7 of 0.15. Analysis of backrajectories computed using the NOAA HYSPLIT rabdnd

fire maps show that these peaks coincidthwsieasonal biomass burning in eastern andhgern Europe (Jaroslawski and
Pietruczuk, 2010). Another study uses LIDAR measurements and model results to suggest that transport of Saharan dust al
influences springtime AOD in Belsk (Pietruczuk and Chaikovsky, 2012). This is consistent with CM2.1 (and not CM3),
which shows a maximum absorption AOD, minimum SSA, and minimum Angstrém exponent during MuaiicMay, as

well as a peak in the dust AOD in MagM3 does, however, capture the seasonal variation in SSA and particle size
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(indicative of the seasonal mix of aerosols) extremely well (SSAX69 *& 0.94), even though the AOD seasonality is
poor(AOD r* = 0.15)

For Kanpur, peaks in AOD during Mand October are partly associated with peaks in open biomass burning of rabi and
kharif agricultural crops, respectively (Venkataraman et al., 2006). There is also a significant enhancement in dust loading
during the premonsoon season (April to June) (e @inoux et al., 2012). Pestonsoon, aerosols transported to or emitted

near Kanpur can accumulate rapidly in the atmosphere from suppressed precipitation (Dey and Di Girolamo, 2010). Monthly
emissions from fossil fuel and biofuel combustion are faidystant (Reddy and Venkataraman, 2002). Dey and Di
Girolamo Q010) analyzed nine years (20@008) of AOD seasonal iohatology derived from the MISR an instrument

aboard the NASA Terra spacecrafand the results are consistent with those shown by ABROMey and Di Girolamo
(2010)used air mass back trajectoriesalculagd using the NOAA HYSPLIT modélto show that the Great Indian Desert

and the Arabian Peninsula are the likely sources of the dust.

CM2.1 AOD is consistently underpredicted in Kanpyra factor of four on averagéut this is expecteddecause Kanpur
has incredibly high pollution levels of which models with the resolutions of CM2.1 and CM3 are not expeetsolve
CM3 does, howeveishow improvednagnitudes. The CM2.1 and CM3 maxim AOD coincides with a minimum AOD as
measured by AERONET during the monsoon season (July to Septerabeltjng in negative correlation coefficients
Likewise, the CM2.1 and CM3 minimum AOD coincides with a maximum AOD as measured by AERONET duding the
season (October to January). The presence of high AOD in the winter months is verified by several satettiientsst
including CALIOP (CloudlAerosol Lidar with Orthogonal Polarization), MODIS (Moderate Resolution Imaging
Spectroradiometer), MISR (Mtiangle Imaging Spectroradiometer), OMI (Ozone Monitoring Instrument), and TOMS
(Total Ozone Mapping Spectrometer) (Ganguly et al. (2009b) and references therein).

Emissions inventories in India have large uncertainties (Venkataraman et al., &f{6¢cause both CM2.1 and CM3 do

not prescribe any seasonality in emissions from anthropogenic sources, it is unsurprising ¢hatrtiseytransport or
chemistryclimate modelscannotreconstruct Kapur 6 s AOD s e as Ganguly etal (200%b) fond thag ¢ .
decoupled version of the model used here (GFDL AM2) largely underestimated carbonaceous aerosols in the Kanpur regio
by as much as a factor of 10 during winter monffi®e high summer bias in Kanpur AOD during the summer months is
likely due toconvective removal of aerosols simulated too low, therefore leading to high biases especially in the tropics
where convective large scale precipitation is domiiBatlot et al., 2015)urther, n addition to dust transport from desert
regions, anthropgenic sources of dust are prevalent in India from agricultural activities and land use (Ginoux et al., 2012).

This isalsonot accounted for in CM2.1.

SSA observations are much lower in Kanpur as compared to the sitrer(~0.88 compared to ~0i19298) which is

representative of its relatively |l arge black carbon ano
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Both modess how t his as wel | . Kanpur U i s-monsoorsaeresbléoading inciesstah t h e
large dust component. While CM2.1 underestimates AOD in Kanpur and does not simulate the seasonal climatology, the
absorption AOD and U suggest that dust particles are p

Kanpurby at most adctor of thregperhaps showing too little dust.

Aerosols in Taiwan have industrial, biomass burning, and dust storm sources. The region is highly polluted from nearby
heavy industries yeaound (Chen et al., 2009). Springtime aerosols in Taiwan and &xsithsia are partly attributed to
intense dust storms in Mongolia and North China, which have been observed to travel intifuposiphere all the way to

Europe (Grousset et al., 2003), and have also been observed at lower latitudes in Taiwan (ICh2806t ®ong et al.,

2013). Peak biomass burning season in Southeast Asia also occurs during the spring (Streets et al., 2003). CM2.1 somewh
cgptures the MarahApril peak, although CM3 shows a peak during summer months whereig\@a minimum; this ay

also be due to the low convective removal of aerosols leading to high biases in the(Rapioset al., 2015CM2.1 also

accurately captures the Octobldovember peak and summertime minim(i= 0.43, whereas CM3 does n@f = -0.45).

Both thedustand carbonaceous aerosols from biomass burning likely contribute to a drop in the SSA during the springtime
months (seen in AERONET and models), although dust is more absorbing in thévhkean in the visible spectru(Giles
etal, 2012)Thelackof a drop in U derived from AERONET during spr

particles (dust) and more fine particles (black and organic carbon).

In autumn, air mass back trajectories computed by Chen et al. (2009) using the N@#d Eingle Particle Lagrangian
Integrated Trajectory Model (HYSPLIT) moddi@v variable sources including northwest Chir@yteern China, and the
Pacific Ocean. Therefore, it is hard to attribute the cause of thedseggreak in AOD during Octolkiddovember.

Overall, CM2.1and CM3satisfactorilyreproduce AOD magnitudeés the keyindustrialregions,with an improvement from
CM2.1 to CM3i asshownfor most regions worldwide in Section 4.ZFig. 3). The decline in performance of CM3 AOD
seasonalityis clear for the most polluteaegions(Belsk, Kanpur, and Taiwargs there is dargedrop in the correlations

from CM2.1 to CM3.While the CM3 AOD seasonality is worse than CM2.1, this is not true for the reproductidres of t
singlescattering albedo andngstrom exponent. Using CM2.1 dust and black carbon absorption AOD as a proxy for
concentrations, peaks in CM2.1 dust absorption AOD are

black carbon absorption AOD are correlated wellwghgpk s i n t he AERONET U (not shown)

The model suggests that, for the industrialized sites, the total and scattering AODs are dominated by sulfate, and absorptio
AOD is dominated by black carbon with a significant contribution from dust (not shown). ©rggation, and sea salt

especially, play minor roles at most. However, Heald et al. (2005) suggest that global climate models underestimate the
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contribution of organic carbon to the total aerosol concentration and AOD. In particular, Ganguly et al. 2006s) that

sulfate concentrations are overestimated and organic concentrations are underestimated in CM2.1 over Oklahoma.
4.2.3 Evaluating multiple aerosol parametersin biomass burning regions

For the biomass burning regions (FB). , t h e mondagnitude8are Amddh less consistent with the AERONET
observations during burning season. CM2.1 consistently underpredicts total AOD by a fastérdofidg peak biomass

burning emissions (September for Alta Floresta and Mongu, and March for Mukdahankh@ts similar results for Alta
Floresta and Mongu, but with a huge spike in Mukdahan AOD during June through September that rivals March magnitudes
a time when AOD is at a minimulvased on AERONET measurementslhe deterioration of seasonality from CM2dl

CM3 is shown clearly for AOD in all biomass burning sites (e.g. Alta Floresta CK¥I2.0.84, CM3f= 0. 07), al tt

seasonality is consistent across models, and even improves for Alta Floresta (€¥2.90; CM3 T = 0.95).

Underestimations uting peak biomass burning season may be due to underestimated emissions, an injection height that is
too low, efficient wet removal in convective regions, and/or the lack of hygroscopic growth of carbonaceous areosols. The
severe underestimates in bioméassning aerosols in the models could impact matéglved climate changes important to
understanding aerosol és role in climate change, due to

role in crossequatorial energy balance (Océbal., 2014).

Although AOD are underestimated duripgak biomass burning season, there is a slight peak in model AOD (with the
exception of Mukdahan) suggesting that the model does capture the seasonal cycle of biomass burning, just not th
magnitudeof the emissions or concentrations. The models do, howetuidea secondary peak Mukdahan emissions in
SeptembeiOctober, and the AOD magnitudes are consistent as well. When it is not biomass burning season in any of these
regions, CM2.1 is consistentith AERONET observations, although CM3 shows higher AOD from December through
March in Alta Floresta and Mongu that has no parallel in the AEROMHES.

Alta Floresta AERONET AOD maxima are the highest of any comparison site analyzed in this studywAsnshay. 8,

AOD during the main biomass burning season in Alta Floresta (August to Septembarpbasror bars, but this is due to
severe deforestation at the beginning of the dataset which later declines signifidaanlyhe Brazilian federal gorement

cracked down on deforestation violations starting in 2008 (Jackson,. Zbtaverage AOD from 1993012 in September

is almost 1.5. In fact, Hoelzemann et al. (2009) found that Alta Flohestathe highest AOD observed (4.0) of all 12
observation sites the study analyzed in South America using MODIS satellite data. The large AOD is due to intense fire
activity that exists in the vicinity of Alta Floresta due to deforestation. Prior to Auduishg the dry season, climatological

patterns in central Brazil may efficiently dilute pollution by exporting it to the ocean (Freitas et al., 2009).
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Over Alta Floresta, AERONET derives a SSA for July through December of approximately 0.95. CM2cis@ajharp

decline in SSA during these months that drops to 0.8, but CM3 brings the magnitudes back up closer to observations. While
absorption AOD in the models is only underestimated by a factor of 2 in Alta Floresta during peak emissions (September),
scattering AOD is underestimated by more than 4 times. This means that the model accounts for more absorption relative t
scattering than is actually present, yielding low SSA. A larger scattering AOD would yield SSA closer to 1. The Angstrém
exponentderikd by AERONET is consistent with CM2.1, and shows
pattern but overesti mates the amount of smaller particles.
is also large yeato-yea v ar i abi | i ty,whichmay alsmbe Ale toaeduedd emissiens ia later.years

Maximum seasonal AOD in Mongu as measured by AERONET from 1995 to 2010 is half that of Alta Floresta (0.8).
Tropical Africa is characterized by widespread aredjfient forest fires that occur consistently each year. MODIS satellite
data show that burning begins in May and peaks July to September (Giglio et al., 2003, 2006). This is slightly shifted from
AERONET AOD data, which show maxima between August and @ctdthe apparent offset between MODIS fire activity

and AERONET AOD is corroborated by aircraft data analyzed in Magi et al. (2009), s¥tdels a shift in peak AOD by 1

2 months after peak fire activity. CM2.1 and CM3 show slight increases in AOD tbatialitiming with AERONET,
although CM3 has an additional peak in Febrwalnich is notpresenin the obserations.

As mentioned earlier, the models capture one of the two AERONET AOD maxima over Mukdahan. Mukdahan is influenced
by nearby crop and vegetat burning and wildfires throughout the dry season; biomass burning activity first peaks in
March, with a second, smaller peak in autumn after the rainy season (Boonjawat, 2008). The February to April peak eviden
in AERONET in fact corresponds to a dexse in model AOD. The Septemb®@ctober peak, on the other hand, is well
captured by CM2.1 in both timing and magnitude. The springtime AOtbe observations considerably higher than that

in autumn, which may be a result of changes in burning condit{wildfire vs. controlled burn) and vegetation type
(Dubovik et al., 2002). Concurrently, the AERONET dat a
with the models and suggestive of carbonaceous particles from burning. Becausdagktof moisture during the winter

dry season, the peak in U may also be attributed to th
show a slight increase in dust AOD during summer in Mukdahan (not shown), which matches ughaeelsiarp dip in
AERONET U.

Overall, model AOD magnitudes are more consistent with AERONET observations in industrialized areas than for biomass
burning areas, although the model reproduces s aiomasst act
burning regions are less consistent with the AERONET observations, and maximum AOD are underestimated in the mode
by as much as factors of 4 to\WWhile CM2.1 captures thseasonality for AOD fomostlocations, CM3showspeaks when

there are mimums.While some of the discrepancy between CM2.1 and CM3 is due to different meteorology (Donner et
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al., 2011), differences between model and observations also arise becagimdtee models are unable to reproduce

specific synoptic events.

4.2.4 Evaluating modelderived data with spatially collocated instruments

Whereas AERONET provides a tvddmensional view of aerosol properties via total column estimates, CALIOP

measurements provide insight into the vertical structure of the aerosol properties, revealing the elevations of aerdsols. Thi

incredibly importantand useful for climate model evaluation because aerosol radiative effects are extremely sensitive to

elevation (e.g. Ocko et al., 2014). Satellite measurements are further valuable because they have a broad spatial coverag

Here we weave imnalysis of CALIOP data to the existing AERONET/model discussion. F&gand 10 compare the

seasonal CALI OP measurements at 532 nm to the model so

sites, respectively.

As discussed earlier, CM@aptureshe AERONET AOD seasonality for Oklahoreatremely well (f = 0.97) and better
than CM2.1 (f = 0.70). Howeverwhen comparingthe vertical distribution of extinctiomver the ARM facility using

e

CALIOP measurements, CM2.1 outperforms CM3 because of its ability to capture the vertical structure of the seasonality

On the other hand, CM3 does not exhibit two distinct seasonal peaks at higher elevations as shownerCBatOP and

CM2.1 data. This highlights the need #ord value otomparing model data to multiple observational datasets.

For Belsk and Taiwan, CM2.feproduceghe seasonality and elevations of extinction, although surface extinctions are

overestimatedt both sitegby a factor of five in Belsk during summefM3 more accurately capturesirface extinction
magnitudes in Belsk and Taiwéoverestimate by a factor of two in Belsk during sumneeen though it completely fails at
reproducing the seasoitgl(Belsk * = 0.15; Taiwan 7= -0.45) As discussed previously, emissionsestern Europe were
considerably reduced as a result of switching economic regimes as well as subsequent economic stessr&shmof the

world economy.

Belsk maximaextinction in CALIOPare offset from AERONET datavi@arch instead of April, Octobekovemberinstead
of August September). However, AERONET does show a peak in absorption AOD in March with higto-year
variation (large error bar), as well as a drop in BB A and U. This is consistent
Chaikovsky (2012) that dust is transported to Europe from the Saharan desert duringAspsimgwn before on a regional

scale,CM3 improved the magnitudes considerably, but the seasodaligyiorated

Taiwanis theonly site whereAERONET suggestsonsiderablyhighertotal AOD thanthe verticallyintegratedCALIOP

data(not stown). Both CM2.1 and CM3nodek have magnitudes more consistent with AERONET than CALIOP, although

they bothunderestimate the springtime maxiimaa factor of 1.5However, while the AERONET comparison suggests that

CM2.1 underestimates extinction during the peak season, comparison of the vertical extinction profile shows that CM2.1
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extinction is constrained dlhe surface andonsiderably larger than that of CALIA® over a factor of four; on the other
hand, CALIOP data shows that the extinction profile extaqm$o 4 km in elevation (similar magnitudes of extinction in
CM2.1 only reach 2 keh While the springme AOD peak in AERONET is slightly larger than the peak in autumn, CALIOP
shows large differences in the vertical distribution of extinction during spring and autumn. During springtime, aerosol
extinction reaches higher elevations than during autumrs. ihgonsistent with studies showing lemagnge higkelevation
transport of dust (Lin et al., 2007), and also consistent with grbasdd LIDAR measurements in Taiwan (Chen et al.,
2009). Recall that the main springtime sources of aerosols in Taiwam {b#reindustry) are dust transported from the
north, and nearby biomass burning. During autumn, high extinctions are constrained closer to the ground. Interestingly, the
total column optical depth when computed from CALIOP data show that the overall A@Dsimilar for spring and
autumn, even though their vertical distributions vary tremendously. This shows the value of instruments like CALIOP in
their ability to resolve aerosol vertical profiles. The model, on the other hand, does not accuratelystigtieglifferences

in the vertical profiles over Taiwan, and springtime and autumn extinction distributions are fairly comparable.

For Kanpur, both models capture the fall peak but not the spring peakntrast to CM2.1 performance in Belsk and
Taiwan (overestimated surface extinction magnitydeM2.1 considerablyunderestimates the magnitude and elevation of
extinction in Kanpur. CM3, on the other hand, captures the magnitudes and elevsialiscussed in Sect.2.2, the
wintertime and preanonsoonseasons are largely influenced by enhanced dust loading from nearby deserts, and agricultural
and land use activities (Ginoux et al., 2012). While the CM2.1 model accounts for natural sources of dust, and captures :
slight peak in dust emissions duringstimeriod (Fig.7), it does not account for anthropogenic sources. It is very likely that
CM2.1 also underestimates concentrations of carbonaceous aerosols from biomass burning in this region during thes
seasons. On the other hand, AERONET and CALIOP ghevgameseasonal trendexcept that AERONET AOD remains

high during winter months whereas CALIOP extinction drops from November to February.

Fig. 10 compares the seasonal CALIOP measurements at 532 nm to the model estimates (at 550 nm) for the hiomass bu
sites. Extinction seasonality shown by CALIOP is consistent with AERONET AOD, with maximum extinction during
September in Alta Florestmd Mongu, and March/Septemb@ctober for Mukdahan. It is clear from the CALIOP data that
aerosols reach much Higr elevations over biomass burning influenced sites as compared to industrialized sites; the

strongest extinctions can extend up to 3 km in the atmosphere.

As suggested by Fi@® in the AERONET comparisons, CM2.1 and CM3 completely miss the large maggiwfiéxtinction

during biomass burning seasons, with the exceptio€MB Mukdahan in the fallwhile the AERONET and model
correlation coefficients suggest that only CM2.1 Alta Floresta and Mongu seasonality is captured, analysis of CM2.1 and
CM3 verticd extinctions show that the models dapture the seasonal cycles at all three sitesyibhitextinctionsthat are
underestimated by a factor of 10. Higher extinction magnitudes are also constrained closer to the surface in the models

whereas in realityand as shown by CALIOP, aerosols from biomass burning sources can be lofted high into the atmosphere.
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In CM2.1, carbonaceous aerosols from biomass burning are emitredtisurface (Horowitz, 2006). However, because it
has beerknown for quite some rie that injection height from open fires and wet deposition are key to simulating smoke
plumes properly (e.g., Westphal and Toon, 198igmass burning emissions for CM3 were distributed verti¢allgwing

the recommendations of Dentener et al. (20d&tiibuted emissions between the surface and 6 Asliscussed before,
aerosols in the boundary layer have a relatively short lifetime due to efficient dry deposition at the surface by the turbule
boundary layer, while aerosols injected into the-midupper troposphere can be transported over very long distéhzes.
results show that CM3 likely needsiterease th&ertical structure for the biomass burning emissions, because particles are
still not distributed high enough when compared to CALI@RadHowever, magnitudes for Alta Floresta and Mongu need

to be higher in addition to modifying the injection height.

Other factors that may contribute to the underestimate in concentrations over biomass burning regions are underestimate
emissions, too nmah wet removal in convective areas, the ratio of hydrophilic to hydrophobic aerosols, vertical mixing

(convection), and hygroscopic growth of carbonaceous aerosols.

Overall, comparing the models vertical profiles of extinction with CALIOP data for alhssites shows that seasonality is
reproduced much better than the magnitudes and elevations of extinction, both of which are controlled by meteorology anc
emissiondn the case of biomass burning sit#ss interesting that the models can reproduce sedi$p in industrialized

regions when emissions do not have a prescribed seasonal distrilbatidniomass burning sites in particularich are
controlled by emissions inventorieseasonal maximaretemporallyconsistent, however, thextent and height of aerosols

in the atmosphere is severely underestimated (except for Mukdahan in late summer). This problem may be attributed to
combination of factors, such as the lack of modeling of the injection height of particles from opgarfitetherefore

efficient removal in the turbulent boundary layer), underestimated emissions, or excess wet removal of aerosols in
convective regions. AERONET and CALIOP measurements are fairly consistent with one another, and show similar
seasonal pattern3his is a first step towards understanding the model biases, and more research is needed to parse ou

individual causes.

5 Conclusions

The GFDL CM2.1 and CM3 global climate models are woeldowned used for CMIP 3 and 5, and are included in the
IPCC reports.While these models are from the same development faadsgsol treatment is starkly different due to
updated emissions inventories and model improvements such as interactivity with meteorology and clouds, internal mixtures
and accounting for bimass burning injection heights. The myriad aerosol changes from CM2.1 to CM3 make evaluation of

aerosol performance challenging when considering future improvements.
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Donner et al. (2011)valuated basic aesolrelated properties (annuaimean AOD, coalbedoclearsky downward
shortwave radiationof CM2.1 vs. CM3, leading to the generalonclusion thathe direct effects of aerosols are more
realistically simulated in CM3. Naik et al. (2013) further evaluated CM3 aeomimal performance to find that ghal

annualAOD is within 2% of satellite measurements over 1996 to 2006.

We build upon these previous studies by comparing multiple mentbhn modeterived aerosol optical properties with
observations from four measurement techniguesatellite imager§MISR and MODIS), groundbased sun photometers
(AERONET), and satellite LIDARs (CALIOP). While we find that AOD magnitudes do improve from CM2.1 to CM3 on a
regional scale, seasonal variations are better simulated by CB&:4duse the major biases ararfd in polluted regions, we
selectseven sitesvith industrial and biomass burning sources of aerosols to analyze the biases in mobg detajparing

multiple aerosol properties and employing spatially collocated instrumEmssites include an urbanfluenced rural area

in Oklahoma, USA, with industrial and dust sources; Belsk, Poland, with industrial and dust sources; Kanpur, India, with
industrial, dust, and biomass burning sources; Taiwan with industrial, dust, and biomass burning sourcesteétta Fl
Brazil with biomass burning sources; Mongu, Zambia, with biomass burning sources; and Mukdahan, Thailand, with
biomass burning sources. We have also compared outsrasseveral previous studiesnodeling, observational, or both

for each comarison site.

Comparing multiple aerosol optical properties derived by models to measurements from collocated instruments both
identifies opportunities for the improvement of modeling aerosol distributions, as well as reveals important aspects
governing aassol properties. Further, comparimgth only two-dimensionalAERONET, MISR, and/or MODISJatais a

lost opportunity foiimportant insights fomodel improvementshrough the analysis of aerosol properties derived from two
related, but distinctly different global climate models, we are able to provide valuable information for improving the physic
of the models for future version®ur findings can therefore be asenmediately by model developers to improve aerosol

treatment.

Our evaluation of model data with all available AERONET data showsatlne wfa multi-parameter analysisor example,

while CM3 poorly simulates seasonal AOD in Belsk and Alta Florg$ta 0.15and 0.07, respectivélythe seasonal
variati on ieel-SnBilatedeandthproded from CM2.1 (SSA*=0.69a nd 0 r* 8 894and 0.95. This

indicates that although seasonal AOD is poor in CM3, the model does in fact mamsoaablaepresentation of the
seasonal mixture of different aerosol types, suggesting that this is unlikely the source of the poor AOD se&sothedity.

parsing out the absorption vs. scattering AOD reveals insights into which species are under or owatdstimetample,

in Kanpur,CM3 overestimates AOD magnitude by 50 to 100% from July through September. Separating out scattering and
absorption AOD shows that this is entirely due to scattering aerosols, as the absorption AOD magnitudes are consistent wit|

observations.
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The value of employing spatially collocated instrunseistalso shown in our study, as CALIOP revealed that AERONET
comparisongan be misleading. For example, Oklahoma is the only site we looked at where AOD seasonality was better
reproduced by CM3 than CM2.1(r> = 0.97 and 0.70, respectively This is enlightening because Oklahoma represents
regions with b aaskpposeditoall othepesi thdt are extoemely pollutédand therefore suggests an
improvement in CM3However, omparing AERONET and model data with CALIG@Eveals thathe seasonalertical
distributionis better represented by CM2.1, with aerosols reaching heleeations during peak activity; in CM3, aerosols

are inaccurately constrained to the suefaGiwan is another examplghere important aerosol characteristics are revealed

by CALIOP; while AERONET suggests a double peak in spring and fall of similar magnithéesgertical structures of

thee peaks are extremely different, which is importamt dlimate impacts. However, both models show similar vertical
structures during the two peak seasd@ecause the vertical distributions of aerosols govern climate responses (Ocko et al.,
2012; Ocko et al., 2014), model performance of vertical extindfaritical. The difference in vertical distributions also
provides insight into the origins of the aerosol particles in the atmosphere. For instance, dust sources originating from
northern Asia may be transported at higher elevations in the atmosphereas/tocal pollution is generally &irained

closer to the surfac€ALIOP furtherreveals the efficacy of the biomass burning injection height parameterization included

in CM3 but not CM2.1, and shows that it is not sufficient.

The comparisons of CM2.4nd CM3 aerosol properties to different observational datassidighlight model radiative

forcing biases. It is evident that for almost all biomass burning regions, the models underpredict AOD and the vertical exten
of aerosols in the atmosphere; tirerefore expect that the radiative forcing by carbonaceous aerosols in these regions are

also underestimated, and the positive radiative forcing from black carbon is biased too low due to (i) less overall mass of

black carbon, and (ii) lack of black carbforcing amplification from being located above clouds (e.g. Ocko et al. 2012).

AOD (and particularly scattering AOD) over industrialized areas provides a mixed picture in terms of biases; some sites
have accurate reconstructions by the models, andso#tierlargely ovesstimatede.g. Belsk in CM2.1) or underestimated

(e.g. Kanpur in CM2.1). Therefore, there may be compensating AOD biases over the globe that lead to the canceling out o
associated biases in the sulfate radiative forcing over large deniait the biases may affect the regional distribution of
forcing. On the other hand, the models do a fairly reasonable simulation of the seasonality (though this is not the case fo
CM3), singlescattering albedo, and particle size in all seven locatieasling to few biases in these propert®scause

CM3 meteorology was interactive with aerosols, as opposed to CM2.1 where aerosol distributions were computed offline,
CM3 needs more analysis into the dynamical feedbacks that generate aerosol sedsmmaétmissions data that lack
seasonalityFurther, vhile some of the discrepancy between CM2.1 and CM3 is due to different meteorology (Donner et al.,
2011), differences between model and observations also arise because the climate models arerepadulac® specific
synoptic eventsFuture research directions based on our findings include running model simulations that isolate aerosol

changes from meteorology, emissions, and physics.
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Model biases in AOD may also perturb the interhemispheric foasggimetry, which directly impacts climate (Ocko et al.,
2014). For example, if black carbon AOD in biomass burning regions (many of which are located in the Southern
Hemisphere in Africa and South America) are largely underestimated, we would expedistigerdorcing to also be
underestimated in these areas. Accounting for this underestimate would yield a higher black carbon radiative forcing in the
Southern Hemisphere, and therefore less interhemispheric forcing asymmetry during peak biomass beonnBessause

the majority of sulfate is located in the Northern Hemisphere, we do not expect a similar bias in the sulfate interreemispheri

forcing asymmetry, which is more certain and already more pronounced than that of black carbon.

Model biases in @anic carbon must also be considered. The formation of secondary organics is poorly understood, and
emissions databases ofrbonaceous material from néssil fuel combustionare limited (e.g., biofuel combustion,
cowdung burning, tea leaves burning)g@mic carbon concentrations are likely too low in the models in biomass and biofuel
burning regions. If the scattering by organic carbon is dominant, the underestimate may cancel out some of the bias in th
underpredicted black carbon forcing in these omgj thereby retaining the stark interhemispheric forcing asymmetry
exhibited by black carbon. If, on the other hand, the absorption by organic carbon is dominant, correcting this bias would
further amplify the positive forcing in these areas, leading rtcadditional reduction in the interhemispheric forcing

asymmetry.

Overall, the model biases revealed by comparisons of model data to collocated observations may affect the interhemispher
aerosol forcing asymmetry, regional magnitudes of the forcings,tleedseasonality of the forcing§uture research
therefore includegjuantifying how model biases translate into radiative forcing uncertaihimsever, when comparing

model optical properties with measurements, it is also important to account foraintestin the aerosol optical properties

derived from instruments, discussed in Sect. 2.

Only recently tridimensional compositions of aerosols are being retrieved from sun photometers and LIDAR measurements
(Chaikovsky et al., 2016xlgorithms have been developed to tease out the individual aerosol components from datasets
produced by AERONET, MPLNET, and CALIOP (Ganguly et al., 2009a, 2009b). This is especially useful for model
validation of specific aerosol components, suchstieng scatterers and absorbeérssulfate and black carbon that
significantly alter the Earthoés radiation budget fea om h

modeling.

In conclusion, w find thatconsidering multiple paramests and spatially collocated instruments is necessary for evaluating
model performance of aerosol properties, and especially useful for determining how to improve model biases; a multi
parameter evaluation determines model strengths and weaknessedgiaricbm spatially collocated instrumentshat

provide threedimensional compositionsan reveal underlying aerosgbverning physicghat are otherwise masked by
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integrated column propertie®/e therefore recommend that future aerosol modeling studidsuse of all available data

(parameters and instruments) when evaluatiogel performance.
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CM2.1 CM3

Aerosol Optical Depth 0.17 0.16

AL?;ilol Absorption Optical Depth 0.01 0.008
ScatteringOptical Depth 0.16 0.15

Emissions (TgBGr?) 11 8.2

Burden (ugm’) 550 270

Cil'f‘tf(')‘n Aerosol Optical Depth 0.008  0.004
Absorption Optical Depth 0.006  0.0009

Scattering Optical Depth 0.002 0.003

Emissions (TgS@yr™) 147 108

Burden (pgm) 5000 3500

Sulfate Aerosol Optical Depth 0.1 0.07
Absorption Optical Depth 0 0.004

Scattering Optical Depth 0.1 0.06

Emissions (T@ yr™) 52 75

Burden (ugm?) 2700 3600

83‘32: Aerosol Optical Depth 0.01 0.03
Absorption OpticaDepth 0 0.008

Scattering Optical Depth 0.01 0.03

Emissions Tg yr™) 1960 1221

Burden (ugm’) 44000 27000

Dust Aerosol Optical Depth 0.03 0.018
Absorption Optical Depth 0.005 0.002

Scattering Optical Depth 0.02 0.016

Emissions Tg yr?) NA? 6188

Burden (ugm’) 9800 12800

Sea Salt  Aerosol Optical Depth 0.02 0.04
Absorption Optical Depth 0 0

Scattering Optical Depth 0.02 0.04

Table 1: Global-mean presentday aerosol properties as simulated by CM2.1 (1998000) and CM3 (20062004).Emissions data

for year 2000. (a) See text for details.
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Figure 1: Model-derived total aerosol optical properties. Fiveyear annual means from a 5-member historical simulation ensemble
5 CM2.1 presentday from 1996 2000, CM3 presemday from 2000 2004.
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Figure 2: Model-derived aerosol optical depth by component. Fivgear annual meais from a 5-member historical simulation
ensemble CM2.1 presentday from 1996 2000, CM3 presentday from 2000 2004.
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Figure 3: Regional dserved(MISR: grey circles, MODIS: open circles)and modetderived (CM2.1: red lines, CM3: blue lines)
monthly aerosol optical depthat 550 nm Values are surfaceweighted averaged within each panel<orrelations betweenobserved
and simulated AOD are shown insé.
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Figure 4: Regional dserved and modelderived monthly aerosol optical depthat 550 nm Total CM2.1 AOD (black lines),
individual aerosol AOD (sulfate: red, organic carbon: green, black carbon: violet, sea salt: blue, dust: brown) shown as well
Values are surfae-weighted averaged within each panelCorrelations betweenobserved and total simulatedAOD are shown insé.
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Figure 5: Regional observed and modetierived monthly aerosol optical depth at 550 nm. Total CM2.1 AOOblack lines),
individual aerosol (sulfate: red, organic carbon: green, black carbon: violet, sea salt: blue, dust: brow®OD shown as well.
Values are surfaceweighted averaged within each panelCorrelations between observed and total simulated AOD are shown inset.
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