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Abstract

Biases in aerosol optical depths (AOD) and land surface albedos in the AeroCom models are manifested in the top-of-atmosphere

(TOA) clear-sky reflected shortwave (SW) fluxes. Biases in the SW fluxes from AeroCom models are quantitatively related

to biases in AOD and land surface albedo by using their radiative kernels. Over ocean, AOD contributes about 25% to the

60°S-60°N mean SW flux bias for the multi-model mean (MMM) result. Over land, AOD and land surface albedo contribute

about 40% and 30%, respectively, to the 60°S-60°N mean SW flux bias for the MMM result. Furthermore, the spatial patterns

of the SW flux biases derived from the radiative kernels are very similar to those between models and CERES observation,

with the correlation coefficient of 0.6 over ocean and 0.76 over land for MMM using data of 2010. Satellite data used in this

evaluation are derived independently from each other, consistencies in their bias patterns when compared with model simulations

suggest that these patterns are robust. This highlights the importance of evaluating related variables in a synergistic manner

to provide an unambiguous assessment of the models, as results from single parameter assessments are often confounded by

measurement uncertainty. We also compare the AOD trend from three models with the observation-based counterpart. These

models reproduce all notable trends in AOD (i.e. decreasing trend over eastern United States and increasing trend over India)

except the decreasing trend over eastern China and the adjacent oceanic regions due to limitations in the emission dataset.
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Figure 8. TOA clear-sky re
ected SW 
ux biases fo AeroCom mo dels relative to CERES
EBAF for April 2010 (left panels). Right panels use radiative kernel calculations to determine the

ux biases asso ciated with AOD and surface alb edo biases.
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Figure 9. AOD biases (lef t panels) and land surface alb edo biases (right panels) of AeroCom
mo dels relative to MODIS retrievals for April 2010.
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Figure 10. Single-scattering alb edo for (a) MERRA-2, (b) CAM5, (c) ECHAM, (d) GFDLf,
(e) GISS MATRIX, (f ) INCA, (g) SPRINTARS, (h) Oslo, and (i) multi-mo del mean for April.
MERRA-2 result is for 2007, and all others are for 2010.

aerosol absorption can also contribute to the flux biases. However, to explain the mag-384

nitude of flux bias shown in Figure 8, biases of dust aerosol SSA need to b e on the or-385

der of 0.25 based on the SSA radiative kernels from Thorsen et al. (2020). We thus con-386

clude that the flux biases over the west coast of Africa are mostly due to AOD biases.387

Additionally, accounting for the impact of AOD and surface alb edo biases on SW flux388

using radiative kernels of these variables signi�cantly improves the regional flux agree-389

ment b etween mo dels and CERES EBAF. The agreements of monthly global and trop-390

ical means over o cean and land are also improved for all mo dels exce pt for the GISS mo d-391

els.392

As mentioned b efore, differences in aerosol comp osition, radiative transfer calcu-393

lation uncertainties of the mo dels (Randles et al., 2013), and uncertainties in the radia-394

tive kernels and in satellite retrievals can all contribute to ∆ F�. The radiative ke rnels395

that we use in this study are ba sed on MERRA-2 reanalys is , whose base-state aerosols396

are different from the AeroCom mo dels. Over o cean, aerosols in MERRA-2 are gener-397

ally more absorbing than the AeroCom mo dels (Figure 10). Thus the AOD kernels over398

o cean are less sensitive to changes in AOD than if an AeroCom mo del (less absorbing)399

is used as the base state. Over land, single sc attering alb edo (SSA) from many AeroCom400

mo dels agree reasonable well with that from MERRA-2 (global mean SSA difference is401

ab out 0.02-0.03), except that GISS MATRIX mo del has much lower SSA than MERRA-402

2 (global mean SSA difference exceeds 0.06) whereas SPRINTARS mo del has much higher403

SSA than MERR A-2 (global mean SSA difference is ab out 0.04). The differences in aerosol404

comp osition affects the magnitude of kernel derived flux biases from AOD and surface405

alb edo biases and are part of ∆ F�. Although accounting for the biases in AOD and sur-406

face alb edo b etween AeroCom mo dels and satellite retrievals do es not entirely eliminate407

the TOA SW flux bias, it certainly reduces the global mean biases (except for GISS mo d-408

els over land p otentially due to its aerosols are very absorbing) and mitigates large re-409

gional biases for all mo dels. Curre ntly no aerosol comp os ition observations on the global410

scales are available for constraining the mo del simulations, but correcting the aerosol load-411

{15{
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Figure 11. Aerosol optical depth trends (p er decade) calculated using satellite retrievals from
Aqua MODIS (a) and using ECHAM-HAM (b), GFDL (c), and Oslo (d) mo del simulations.
Data from July 2002 to Decemb er 2017 are used here. All mo dels use emissions from CEDS until
2014, but use di�erent emissions b etween 2015 and 2017.

ing and land surface alb edo in the mo dels then adjusting the aerosol comp osition, size412

distribution, effective refractive indices, and aerosol hygroscopic growth to minimize the413

residual fluxes can further improve the TOA SW flux agreement b etween mo dels and414

observation. Radiative kernels of each mo del can b e develop ed to achieve maximum con-415

sistency to guide the mo del development.416

6 Regional Trends417

ECHAM-HAM, GFDL (AMIP run), and Oslo mo dels also provide historical sim-418

ulations which can b e used to calculate the regional trends in aerosol distributions. Here419

we compare the regional trends in AODs derived from these mo dels with thos e from Aqua420

MODIS retrievals using the time p erio d (July 2002 to Decemb er 2017) common to b oth.421

All three mo de ls use emissions from CEDS until 2014. However, each mo del handles the422

emissions b etween 2015 and 2017 differently. ECHAM-HAM used the CMIP6 Shared423

So cio economic Pathways (SSP) 3-7.0 emission scenario (Gidden et al., 2019). Oslo used424

the SSP2-4.5 middle of the road emission scenario (Fricko et al., 2017). GFDL used CEDS425

anthrop ogenic and bioma ss burning emissions of 2014 for 2015-2017, and the dust and426

sea-salt emissions are calculated using the actual wind sp eed pro duced by the mo del. Fig-427

ure 11 shows the AOD trend p er de cade calculated from Aqua MODIS and from mo del428

simulations, and areas with stipplings indicate the trend is signi�cant at the 95% con-429

�dence interval. All three mo dels repro duce the decreasing aerosol trends over Europ e,430

eastern United States and the Atlantic Ocean, and the increasing trends over India, In-431

dian Ocean, Arabian Peninsular, and C entral Africa. The most notable difference among432

the mo dels is over eastern China and the adjacent o ceanic regions where MODIS indi-433

cates a decreasing trend. The vastly different trends among the mo dels are due to dif-434

ferent emission data used b etween 2015-2017 for the three mo dels, and the fact that some435

pathway scenarios signi�cantly underestimate the recent decline in anthrop ogenic aerosol436

emissions over China (Z. Wang et al., 2021).437
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The direct aerosol radiative effect (DARE) is the difference b etween the TOA SW438

flux for a pristine atmosphere with no aerosols and the actual atmos phe re with aerosols439

(Lo eb et al., 2021):440

DARE = F(0 ;ff;X) − F( AOD;ff;X) (3)

where ff is the surface alb edo and X represents other atmospheric variables that influ-441

ence TOA SW flux. The deseasonalized anomaly in DARE is:442

ffiDARE = ffiF (0 ;ff;X) − ffiF ( AOD;ff;X) (4)

Deseasonalized DARE anomaly and trend can b e readily calculated from mo del outputs.443

However, it is more challenging to derive DARE from observations as pristine conditions444

cannot b e obse rved directly. Assuming the contribution of other atmospheric variables445

to ffiF (0 ;ff;X) is negligible, then ffiDARE can b e express ed as follows:446

ffiDARE = ffiF ( ff ) − ffiF ( AOD;ff;X) (5)

Here ffiF ( ff ) is the TOA flux anomaly due to surface alb edo change, and can b e derived447

from surface alb edo anomaly and radiative kernel (Paulot et al., 2018). Over land, sur-448

face alb edo is based on MCD43C1 describ ed in section 3.3. Over o cean, surface alb edo449

is sp eci�ed from a lo ok-up table bas ed on the Coupled Ocean Atmosphere Radiation Trans-450

fer mo del (Jin et al., 2004; Rutan et al., 2009). We can derive ffiF ( AOD;ff;X) directly451

from EBAF data.452

Figure 12 shows DARE trend (Wm � 2 p er decade) calc ulate d from CERES EBAF453

and the surface alb edo datasets, and from mo del simulations. Both observation- bas ed454

and mo del simulations show increasing trends over eastern United States and the At-455

lantic Ocean (DARE b ecomes less negative), and decreasing trends over ce ntral Africa,456

India, and Indian Ocean (DARE b ecome s more negative ). These DARE trends are con-457

sistent with the AOD trends over these regions. The increasing trend off the coast of east-458

ern China in EBAF data is largely absent in the mo dels, as is in the AOD trend. ECHAM-459

HAM mo del s hows a strong increasing trend over eastern China, whereas trends from460

EBAF, GFDL, and Oslo are very muted. The observational-based DARE trend and AOD461

trends show go o d agreement over many regions, which adds con�dence in b oth pro ducts.462

Figure 13 further exams the deseasonalized anomalies of SW DARE over three land463

regions listed in Table 4. Over eastern China, DARE from EBAF shows a small increas-464

ing trend (Table 4), whereas mo del simulations show very different trends. The strong465

increasing trend from ECHAM-HAM is partly due to the large emission reduc tion in-466

tro duced by SSP3-7.0 starting in 2015. Over India, b oth EBAF and mo del simulations467

show decreasing trends, with EBAF shows the sharp est decline. This could b e partly due468

to the decreasing trend in surface alb edo ove r India that results in larger radiative ef-469

�ciency. Over eastern USA, anomalies and trends from EBAF and mo del simulations470

show excellent agreement.471

7 Conclusions472

AeroCom mo dels have played an esse ntial role in advancing our understanding of473

DARF, though large diversity still exists among the mo dels. To improve the mo del p er-474

formance and to understand the ro ot causes of the large diversity among them, the mo d-475

els have b een evaluated against in-site and satellite observations. To date, evaluations476

have b een mainly fo cusing on aerosol optical depth. In this study, we evaluate TOA clear-477

sky reflected SW fluxes from the AeroCom mo dels against the SW fluxes from CERES478

EBAF. Additionally, AODs and land surface alb edo from AeroCom mo dels are also eval-479

uated against satellite retrievals in order to explain the SW flux biases.480

To quantify how much the SW flux bias es can b e explained by the biase s in AOD481

and land surfac e alb edo, we use the radiative kernels of AOD and land surface alb edo482

{17{
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Figure 12. TOA SW direct aerosol radiative e�ect trends (Wm � 2 p er decade) calculated us-
ing CERES EBAF (a) and using ECHAM-HAM (b), GFDL (c), and Oslo (d) mo del simulations.
Data from July 2002 to Decemb er 2017 are used here.

Table 4. Aerosol direct radiative e�ect trends (Wm � 2 p er decade) over China, India, and
USA. Only land areas in the indicated latitude and longitude ranges are included in the regional
trend calculation.

China India USA
(25-40 � N, 110-120 � ) (7-22 � N, 70-90 � ) (30-42 � N, 265-283 � )

EBAF 0.4 � 0.3 -1.9 � 0.3 1.2 � 0.3
ECHAM 1.8 � 0.8 -0.7 � 0.3 1.6 � 0.3
GFDL 0.0 � 0.3 -0.8 � 0.2 1.3 � 0.2
USA 0.2 � 0.2 -1.1 � 0.3 1.0 � 0.2

{18{
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Figure 13. Deseasonalized anomalies (Wm � 2 ) of TOA SW direct aerosol radiative e�ect over
eastern China (a), India (b), and eastern USA (c) calculated using CERES EBAF (black lines),
ECHAM-HAM (orange line), GFDL (blue lines), and Oslo (purple) mo del simulations. Data
from July 2002 to Decemb er 2017 are used here.

{19{
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A2 ECHAM6.3533

ECHAM6.3-HAM2.3 is the combination of the global climate mo del ECHAM6.3534

(Mauritsen et al., 2019) and the Hamburg Aerosol Mo dule (HAM2.3, Tegen et al., 2019).535

It uses the PSRad (Pincus & Stevens, 2013) two-stream radiative transfer scheme with536

16 shortwave and 14 longwave bands. The Monte Carlo indep e ndent column approxi-537

mation is used for cloud overlap. Aerosol radiative prop erties are pre-computed using538

Mie theory and read from a lo ok-up table based on Mie size-parameter and volume weighted539

real and imaginary refractive index for seven aerosol mo des containing up to �ve aerosol540

sp ecies (sulfate, black carb on, particulate organic matter, sea salt and dust) and aerosol541

water. Aerosol water uptake is based on kappa-Ko ehler theory (O'Donnell et al., 2011).542

In subtropical o ceans where shallow convective clouds are prevalent, AOD is overesti-543

mated likely b ecause precipitation from shallow convective clouds is only allowed if the544

clouds reach a certain thickness (Muench & Lohmann, 2020). Furthermore, black car-545

b on and organic carb on concentrations are unde re stimated to some extent, which may546

b e due to underestimated biomass burning emissions and cause to low AOD in biomas s547

burning regions (Tegen et al., 2019).548

A3 GFDL549

The Geophysical Fluid Dynamics Lab oratory Atmospheric Mo del version 4 (AM4)550

has cub ed-sphere top ology with 96 � 96 grid b oxes p er cub e face (C96; approximately551

100 km grid size) and 33 levels in the ve rtica l, contains an aerosol bulk mo del that gen-552

erates m ass concentration of aerosol �elds (sulphate, carb onace ous aerosols, sea salt and553

dust) from emissions and a \light" chemis try mechanism des igned to supp ort the aeros ol554

mo del but with prescrib e d ozone and radicals (Zhao et al., 2018). Simulations up to the555

year 2014 are driven by time-varying b oundary conditions, and natural and anthrop ogenic556

forcings develop ed in supp ort of CMIP6 (Eyring et al., 2016), except for ship emission557

of SO 2 (black c arb on ship emission is include d). For the following simulated years, the558

anthrop ogenic emissions for 2014 are rep eate d. The dust emission is drive n by the sim-559

ulated winds from constant s ourc es with their e ro dibility expressed as a function of sur-560

rounding top ography (Ginoux et al., 2001). The sea salt emissions are based on Martensson561

et al. (2003) and Monahan e t al. (1986) for �ne and coarse mo de particles, resp ectively.562

Aerosols are externally mixed exc ept for black carb on, which is internally mixed with563

sulphate. The optical prop erties of the mixture are calc ulated by volume weighting of564

their refractive indices using a Mie co de. The GFDL-AM4-met2010 (GFDLm) and GFDL-565

AM4-fSST (GFDLf ) mo dels are run with observed sea surface temp erature and sea-ice566

distribution. In addition for GFDLm, the wind comp onents are nudged, with a 6-hour567

relaxation time, towards the NCEP-NCAR re-analysis (Kalnay et al., 1996). The diag-568

nostics are pro jected from the C96 cub ed-sphere to equally spaced 1 � latitude and 1.25 �
569

longitude grid us ing �rst order conservative me tho d. In GFDL mo del, the aerosol effect570

is estim ate d by calling the radiative transfer scheme twice, with and without aerosols571

in the absence of clouds. The radiative time step is 1 hour for shortwave and 3 hour for572

longwave. The shortwave co de is an up date of the 18 band formulation of Freidenreich573

and Ramaswamy (2005). These up dates are de scrib ed in detail by Zhao et al. (2018).574

They are related to H 2 O, CO 2 , and O 2 formulations, and shortwave absorption by CH 4575

and N 2 O. In addition, the effects of the shortwave water self continuum and the O 2 and576

N 2 continua have b een up dated.577

A4 GISS578

The GISS mo del hosts two aerosol schemes, the GISS One-Moment Aerosol (OMA)579

and the Multicon�guration Aerosol TRacke r of mIXing s tate (MATRIX) mo dels use the580

same aerosol emissions. Sea salt, dimethyl sul�de, isoprene, and dust emission fluxes are581

calculated interac tively. Anthrop ogenic dust sources are not represented in Mo delE2.1.582

Dust emissions vary s patially and temp orally only with the evolution of climate variables583
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like wind sp eed and soil moisture (Miller et al., 2006). OMA is a mass-base d scheme in-584

cluding sea salt, dust, sulfate, nitrate , ammonium, carb onaceous aerosols (BC and OC)585

aerosols (Ts igaridis et al., 2013). Aerosols are externally mixed and assumed to have a586

prescrib ed constant size distribution. Aerosol hydration in OMA is calculated in the ra-587

diation co de following Tang and Munkelwitz (1994). MATRIX (S. Bauer et al., 2008)588

is an aerosol microphysics scheme that tracks aerosol mixing state, based on the quadra-589

ture metho d of moments, in which the amount of water in aerosol is calculated with the590

aerosol thermo dynamics mo dule EQSAM (Metzger et al., 2002), using the phase state591

of an ammonia-sulfate-nitrate-water inorganic aerosol (OA) in thermo dynamic equilib-592

rium for metastable aerosols, exc ept for sea salt where the Lewis parameterization is used593

(Lewis & Schwartz, 2013). As such, hygroscopic swelling of aerosol is already considered594

and do es not need to b e recalculated during the radiative calculations.595

A5 INCA596

INCA (INteraction with Chemistry and Aerosols) is a chemistry-aerosol mo del cou-597

pled to a land surface and a dynamical m o del. INCA simulates dust, sea salt, black car-598

b on (BC), NO3, SO4, SO2, and organic aerosol (OA) with a combination of accumula-599

tion, coarse, and sup er-coarse mo des, as well as soluble and insoluble comp onents (Schulz600

et al., 2009). Because of the simpli�ed chemistry schem e, DMS emissions are prescrib ed601

and not interactively calculated, and the secondary organic aerosols are not simulated602

therefore this sp e ci�c run is underestimating the OA. In the current version BC solu-603

ble mo de is internally mixed with sulphate (R. Wang e t al., 2016), for which the refrac -604

tive index is estimated using the Maxwe ll- Garne tt metho d, improving the accuracy of605

the BC optical absorption prop erties.606

The radiative transfer mo del for the calculations with aeros ols relies on the RRTM607

mo del as implemented by the Europ ean Centre for Medium-Range Weather Forecasts,608

a mo del that we used for SW and LW calculations. The numb er of sp ectral bands used609

for aerosols is 6 for SW and 16 for LW sp ectrum. The sp ec tral dep endence of optical prop-610

erties of each aerosol sp ecies has b een e stimated with Mie the ory of spherical particles611

with log-normal distribution.612

A6 MIROC-SPRINTARS613

An aerosol climate mo del, Sp ectral Radiation Transp ort Mo del for Aerosol Sp ecies614

(SPRINTARS, Takemura et al., 2005, 2009), is incorp orated into a coupled atmosphere-615

o cean general c irculation mo de l, MIROC6 (Tateb e et al., 2019). The horizontal and ver-616

tical resolutions are T213 ( � 0.5625 � � 0.5625 � in longitude and latitude) and L56, re-617

sp ectively. SPRINTARS calculates the aerosol-radiation and aerosol-cloud interactions618

by c oupling the radiation and cloud-precipitation schemes, resp ective ly as well as aerosol619

transp ort pro cesses. The radiative transfer s cheme, mstrnX, adopt a two-stream discrete-620

ordinate metho d with a correlated k-distribution me tho d (Se kiguchi & Naka jima, 2008).621

Scattering and abs orption of solar and terrestrial radiation by aerosols are calculated as-622

suming the Mie theory with re frac tive indices of dry aerosols and water from d'Alme ida623

et al. (1991). The volume-weighted refractive indices are assumed for internally- mixed624

particles b etween black c arb on and organic aerosols as well as aerosols and water.625

A7 Oslo626

The OsloCTM3 is a global, o�ine chemical transp ort mo de l (CTM) driven by 3-627

hourly meteorological data from the Europ ean C entre for Medium Range Weather Fore-628

cast (ECMWF) Integrated Forecast System (IFS) mo del (Lund et al., 2018; S�vde et al.,629

2012). The mo del is run in a 2 :25� � 2:25� horizontal res olution, with 60 vertical lev-630

els (the upp ermost centered at 0.1 hPa). The treatment of transp ort and scavenging, as631

well as individual aerosol mo dules, is describ ed in detail in Lund et al. (2018) and ref-632
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erences therein. The aerosol optical properties in OsloCTM3 are described in Myhre et633

al. (2007) with some recent updates, where the BC mass absorption coe�cient (MAC)634

is following the formula in Zanatta et al. (2016) and a weak absorption implemented for635

OA (Lund et al., 2018).636

Appendix B637

Figure B1 shows the regional AOD biases of the AeroCom models relative to MISR638

retrievals (left panels) and the regional SW 
ux biases due to AOD biases (relative to639

MISR retrievals) and land surface albedo biases (relative to MODIS retrievals) calcu-640

lated from their radiative kernels (right panels) for April 2010. Many of the regional AOD641

bias patterns shown here are very similar to the AOD biases shown in Figure 9. The SW642


ux biases calculated from the radiative kernels using MISR AODs also resemble those643

shown in Figure 8. However, the biases over the tropical oceans are much muted when644

MISR AOD is used. The correlation coe�cients between � F and � FAOD +� F� range645

from 0.79 to 0.94 over land, which is very similar to those derived when MODIS AOD646

is used. The correlation coe�cients between � F and � FAOD range from 0.26 to 0.63647

over ocean, not as high as when MODIS AOD is used. The reduced correlation over ocean648

is partly due to retrieval di�erences between MODIS and MISR, but largely due to MISR649

sampling issue as evident in the stripping features of the AOD bias plots.650
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Figure B1. The monthly mean aerosol optical depth biases of AeroCom mo dels relative to
MISR retrieval (left panels), TOA SW 
ux biases due to AOD biases (mo dels { MISR) and land
surface alb edo biases (mo dels { MODIS) calculated from their resp ective radiative kernels (right
panels) for April 2010.
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