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Abstract. In this study we examine the performance of
31 global model radiative transfer schemes in cloud-
free conditions with prescribed gaseous absorbers and no
aerosols (Rayleigh atmosphere), with prescribed scattering-
only aerosols, and with more absorbing aerosols. Results are
compared to benchmark results from high-resolution, multi-
angular line-by-line radiation models. For purely scattering
aerosols, model bias relative to the line-by-line models in
the top-of-the atmosphere aerosol radiative forcing ranges
from roughly −10 to 20 %, with over- and underestimates
of radiative cooling at lower and higher solar zenith an-
gle, respectively. Inter-model diversity (relative standard de-
viation) increases from∼10 to 15 % as solar zenith angle
decreases. Inter-model diversity in atmospheric and surface
forcing decreases with increased aerosol absorption, indicat-
ing that the treatment of multiple-scattering is more variable
than aerosol absorption in the models considered. Aerosol
radiative forcing results from multi-stream models are gener-
ally in better agreement with the line-by-line results than the
simpler two-stream schemes. Considering radiative fluxes,
model performance is generally the same or slightly bet-
ter than results from previous radiation scheme intercompar-
isons. However, the inter-model diversity in aerosol radiative
forcing remains large, primarily as a result of the treatment of
multiple-scattering. Results indicate that global models that
estimate aerosol radiative forcing with two-stream radiation
schemes may be subject to persistent biases introduced by
these schemes, particularly for regional aerosol forcing.

1 Introduction

In order to understand climate and climate change, it is essen-
tial to have an accurate understanding of the Earth’s radiation
budget and how this budget has changed over time. Atmo-
spheric aerosols have a direct effect on the radiation budget
through scattering and absorption of primarily solar radia-
tion, and this radiative forcing can be quantified as the net
difference in flux at a given level with and without aerosol.
Mainly scattering aerosols such as sulphate generally have
a negative or cooling radiative effect at the top of the atmo-
sphere (TOA). More absorbing aerosols such as black car-
bon can have a radiative cooling or warming effect on the
climate system depending on the brightness of the surface or
clouds beneath them (Chýlek and Coakley, 1974). Aerosols
may also have indirect and semi-direct effects on climate,
which are due to microphysical and thermodynamic interac-
tions with clouds, respectively, that impact cloud radiative
forcing.

There has been considerable progress in the global mod-
eling of aerosols (e.g.Textor et al., 2006; Koch et al., 2009);
however, the uncertainty in estimates of direct aerosol ra-
diative forcing, often measured by the diversity in global
model estimates, remains high (Forster et al., 2007; Myhre

et al., 2013). In cloud-free conditions, quantification of the
direct aerosol radiative effect in atmospheric models de-
pends on knowledge of aerosol optical properties (aerosol
optical depth, single scattering albedo, asymmetry parame-
ter, and their wavelength dependence) and wavelength de-
pendent surface albedo. While uncertainties in estimates of
aerosol radiative forcing are primarily due to uncertainties in
the knowledge of these properties and how they are param-
eterized (e.g.Boucher et al., 1998), the treatment of radia-
tive transfer in global models, including the accuracy of the
method, its spectral resolution, and the treatment of molec-
ular and multiple-scattering, also contribute to the multi-
model diversity in estimates of direct aerosol radiative forc-
ing (e.g.Halthore et al., 2005; Oreopoulos et al., 2012).

The aerosol model intercomparison initiative (AeroCom)
was created in 2002 with the goal of providing a platform for
detailed evaluations of aerosol simulations in global models
(http://aerocom.met.no/), focusing in particular on the diver-
sity in global estimates of anthropogenic aerosol direct radia-
tive forcing. AeroCom Phase I explored the inter-model di-
versity in aerosol processes and properties that contribute to
differences in the aerosol optical properties used to quantify
radiative forcing (Textor et al., 2006, 2007). Despite the di-
versity in aerosol properties simulated by the AeroCom mod-
els, there was surprisingly good agreement in global, annual
total aerosol optical depth. However, this agreement did not
extend to the sub-component level as there were large differ-
ences in the compositional mixture of the aerosol dry mass
and water uptake, both of which influence aerosol absorption
and radiative forcing (Kinne et al., 2006). After harmonizing
emissions, the global, annual mean pre-industrial to present-
day direct aerosol radiative forcing (RF) was−0.22 W m−2

with a range of−0.41 to +0.04 W m−2 and standard devia-
tion (SD) of± 0.16 W m−2 (or± 73 % of the mean;Schulz et
al., 2006). Considerable diversity in aerosol residence times,
mass extinction coefficients, forcing per unit optical depth
(forcing efficiency) and the ratio of all-sky to clear-sky forc-
ing contributed to the diversity in RF with harmonized emis-
sions (Schulz et al., 2006).

Prior to AeroCom Phase I, the large inter-model diver-
sity in aerosol models was not recognized by the commu-
nity at large; however, reasons for this diversity required
more investigation. As a result of this and the increasing
complexity of aerosol models and their coupling to trans-
port and climate models, investigators have proposed nu-
merous experiments for AeroCom Phase II (Schulz et al.,
2009). Three additional Phase II experiments have been pro-
posed to investigate the model diversity in aerosol radiative
forcing. Myhre et al.(2013) examines the pre-industrial to
present-day anthropogenic aerosol direct radiative forcing in
16 global aerosol models of various complexity. The remain-
ing two studies aim to understand inter-model diversity by
removing host model uncertainties that arise during the sim-
ulation of aerosol distributions and aerosol optical properties.
In the AeroCom Prescribed Experiment (Stier et el., 2012),

Atmos. Chem. Phys., 13, 2347–2379, 2013 www.atmos-chem-phys.net/13/2347/2013/

http://aerocom.met.no/


C. A. Randles et al.: AeroCom Radiative Transfer Experiment 2349

aerosol optical properties (aerosol optical depth,Ångstr̈om
exponent, single scattering albedo, and asymmetry parame-
ter) are prescribed to examine the inter-model diversity in
non-aerosol related host-model process and assumptions that
impact RF calculations (e.g. surface albedo and clouds). As
a subset and simplification of the Prescribed Experiment, the
offline AeroCom Radiative Transfer Experiment presented
here examines the diversity in aerosol radiative forcing due
to differences in global model radiation schemes.

There have been numerous intercomparisons of shortwave
radiation codes in the past.Fouquart et al.(1991) exam-
ined 26 radiation schemes ranging from high to low spectral
resolution and found substantial discrepancies in computed
fluxes for even the simplest prescription of only pure water
vapor absorption. When including highly scattering aerosols
and a fixed surface albedo, the relative standard deviation
for the eleven models considered ranged from 23 to 114 %
as the solar zenith angle (SZA) decreased from 75◦ to 30◦

(Fouquart et al., 1991; Boucher et al., 1998). Boucher et al.
(1998) found that the relatively high (8 %) standard devia-
tion in zenith angle-average broadband forcing due to pre-
scribed non-absorbing sulfate aerosols was due to differences
in the treatment of Mie scattering, multiple scattering, phase
functions, and spectral and angular model resolution. Even
higher diversity was found for radiative forcing calculated at
specific solar zenith angles (i.e. 7.8◦, 71.6◦, and 83.4◦). A
more recent and extensive study byHalthore et al.(2005)
found substantial differences in TOA RF with prescribed
aerosol optical properties and surface albedo that was higher
at lower solar zenith angles (30◦ vs. 75◦) and decreased with
increased aerosol optical depth.

In this study we adapt the protocol fromHalthore et al.
(2005), which itself was inspired byFouquart et al.(1991).
We first focus on inter-model differences in Rayleigh scat-
tering in cloud- and aerosol-free conditions with prescribed
standard atmospheres (i.e. prescribed ozone and water vapor
distributions) and surface albedo. We also consider two sim-
ple cases with prescribed aerosol optical properties, includ-
ing both scattering-only and absorbing aerosols separately,
to examine inter-model differences in clear-sky (cloud-free)
aerosol radiative forcing. Only solar wavelengths are exam-
ined in this study because AeroCom is primarily interested
in anthropogenic aerosol radiative forcing rather than long-
wave aerosol effects that are strongly influenced by natu-
ral (e.g. dust) aerosol. We examine the clear-sky fluxes and
aerosol radiative forcing as a function of solar zenith angle
(SZA). Where possible and appropriate, we make compar-
isons to earlier intercomparison studies. It should be noted
that the conditions specified in this study are not meant to
reflect actual atmospheric conditions, which may vary con-
siderably from those considered here. For climate studies, it
is not the error in calculating radiative fluxes under a given
set of conditions, but the systematic error that occurs over
large time and spatial scales, that is of primary importance
(Arking, 2005). However, it is important to understand how

forcing varies with SZA because zenith-angle averaged forc-
ing assumes the uniform geographic distribution of aerosol
optical properties, surface albedo, and clouds – conditions
never achieved in the actual climate system (Boucher et al.,
1998).

2 Protocol

Table 1 provides a brief description of the participating
models, including their spectral resolution and multiple-
scattering and gaseous transmission schemes. More detailed
descriptions and references are given in Appendix A and Ap-
pendix TableA1. The data used in this study are made pub-
licly available via the AeroCom server (http://aerocom.met.
no/). We have submissions from 31 radiation schemes. Two
high-spectral resolution line-by-line (LBL) models (Models
#1 and 2), where transmittance is treated explicitly, serve as
benchmarks for comparison. Models #1–3, 5–9, and 30–31
use multi-stream (i.e.> 2-stream) approximations to the so-
lution of the radiative transfer equation while the remain-
ing models use the two-stream approximation. Multiple-
scattering schemes include the discrete-ordinate method
(DISORT;Stamnes et al., 1988, Models #1–7), variations of
the Eddington approximation (e.g.Joseph et al., 1976, Mod-
els #8–29), and the matrix-operator method (MOM;Plass et
al., 1973, Models #30–31). For the lower spectral resolution
band-models, gaseous transmittance is generally achieved
using either the correlated-k method (ck-D; e.g. Lacis and
Oinas, 1991; Fu and Liou, 1992; Kato et al., 1999) or the ex-
ponential sum fit transmission scheme (ESFT; e.g.Wiscombe
and Evans, 1977; Sun and Rikus, 1999). A number of these
schemes are currently in use in global climate models, some
are used for offline calculation of aerosol radiative forcing,
and still others are used, for example, to perform detailed
calculations of photolysis rates in coupled climate-chemistry
models (see Appendix A).

Table2 gives an overview of the experiment protocol and
the cases considered. Fluxes were reported at two nominal
wavelength bands: broadband (0.2–4.0 µm) and UV-visible
(UV-VIS; 0.2–0.7 µm). However, due to the difficulty in con-
figuring some models to these exact bands, we accepted vari-
ations in these wavelength ranges. To facilitate intercom-
parison, we normalized all flux components by the model-
specific downwards irradiance at the top-of-the-atmosphere
(TOA) in the appropriate band (broadband or UV-VIS) and
then scaled these normalized fluxes by the inter-model me-
dian TOA downwards irradiance (such that all flux quan-
tities examined are in W m−2; see Fig.2). We requested
the following flux fields: total (direct + diffuse) down at the
surface broadband, diffuse flux down at the surface broad-
band, total diffuse up at TOA broadband, and total down
at surface UV-visible. These flux (F ) quantities allow us to
calculate TOA aerosol radiative forcing (RF) and absorp-
tance (A) in the broadband. Absorptance is calculated as in

www.atmos-chem-phys.net/13/2347/2013/ Atmos. Chem. Phys., 13, 2347–2379, 2013
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Table 1.Models, investigators, and descriptiona

Model Name Investigator(s) Descriptionb,c

1 GENLN2-DISORT Myhre 16-streams DISORT, LBL (HITRAN2008) 0.02 cm−2 resolution, 0.2–5.0 µm, AFGL
2 RFM DISORT (RFMD) Highwood, Ryder, Harris 4-streams DISORT (HITRAN 2004), LBL 1 cm−1 resolution, 0.2–10 µm, AGFL

3 Oslo-DISORT Myhre 8-stream DISORT, ESFT (HITRAN92 + GENLN2 for H2O), 4 (2/1), 0.3–4.0 µm, AFGL
4 Oslo-2Stream Myhre 2-stream DISORT, ESFT (HITRAN92 + GENLN2 for H2O), 4 (2/1), 0.3–4.0 µm, AFGL
5 UNIVIE-Streamer Neubauer, Hitzenberger 8-stream DISORT, ESFT (LOWTRAN7 + LBLRTM), 24 (10/14), 0.2–5.0 µm, AFGL
6 FMI-libRadtran Huttunen 8-stream DISORT2δ-M scaling on,ck-D (HITRAN92), 32 (16/16), 0.24–4.61 µm, AFGL
7 LMU-libRadtran Mayer 6-stream DISORT2,ck-D (HITRAN92), 32 (16/16), 0.2401–4.6057 µm, AFGL

8 GSFC-FL Yu 4-streamδ-Ed,ck-D (HITRAN82), 15 (10/5), 0.2–4.0 µm, AFGL
9 CAR-FLG F. Zhang 4-streamδ-Ed,ck-D (1982AGFL + HITRAN2k), 6 (1/5), 0.2–4.0 µm, AFGL
10 LaRC-FL Rose, Kato 2-streamδ-Ed,ck-D (HITRAN2k), 18 (10/8), 0.17–4.0 µm, 32-layers
11 CAR-RRTMG F. Zhang 2-streamδ-Ed,ck-D (LBLRTM), 14 (5/9), 0.2–12.196 µm, AFGL
12 RRTMG-SW Oreopoulos, Lee 2-streamδ-Ed,ck-D (LBLRTM), 14 (4–5/10–9), 0.2–12.196 µm, AFGL
13 LMU-2stream Mayer 2-streamδ-Ed,ck-D (HITRAN92), 32 (16/16), 0.2401–4.6057 µm, AFGL
14 MPI-2stream Kinne 2-streamδ-Ed,ck-D (LOWTRAN5+Vigroux), 8 (4/4), µm, 20-layers
15 CAR-GSFC F. Zhang 2-streamδ-Ed+adding (CS),k-distribution (HITRAN96), 11 (8/3), 0.175-10 µm, AFGL
16 BCC-RAD H. Zhang, P. Lu 2-streamδ-Ed (ES96),ck-D (HITRAN2k), 9 (7/2), 0.2–3.73 µm, AFGL
17 CAR-CCCMA F. Zhang δ-Ed+adding,ck-D (HITRAN96), 4 (9-sub/3), 0.2–4.0 µm, AFGL
18 ECHAM5.5 Quaas, Kinne, Stier 2-streamδ-Ed, Pad́e approx., 6 (3/3), 0.185–4.0 µm, AFGL
19 UMD-SRB Ma, Pinker 2-streamδ-Ed,k-distribution for H2O andLacis and Hansen(1974) for O3 (HITRAN-96), 7 (4/3),

0.2–4.0 µm, 31-layers (Clear-Sky) otherwise variable
20 ES96-6 Highwood, Ryder, Harris 2-stream PIFM,ck-D (H2O: HITRAN 2003, O3:HITRAN92), 6 (2/3), 0.2–10 µm, AFGL
21 ES96-220 Highwood, Ryder, Harris 2-stream PIFM,ck-D (H2O: HITRAN 2003, O3:HITRAN92), 220 (118/102), 0.2–10 µm, AFGL
22 ES96-6-D Highwood, Ryder, Harris 2-stream PIFM+ δ-scaling,ck-D (H2O: HITRAN 2003, O3:HITRAN92), 6 (2/3), 0.2–10 µm, AFGL
23 ES96-220-D Highwood, Ryder, Harris 2-stream PIFM+ δ-scaling,ck-D (H2O: HITRAN 2003, O3:HITRAN92) 220 (118/102), 0.2–10 µm, AFGL
24 UKMO-HadGEM2 Rumbold 2-stream PIFM+ δ-scaling (ES96),ck-D (H2O: HITRAN 2003, O3:HITRAN92), 6 (2/3),

0.2–10 µm, AGFL

25 CAR-CAWCR F. Zhang 2-streamδ-Ed (SES), ESFT (GENLN2), 9 (4/5) 0.2–5.0 µm, AFGL
26 CAR-CAM F. Zhang 2-streamδ-Ed, ESFT (HITRAN2k), 19 (8/11), 0.2–5.0 µm, AFGL
27 ULAQ Pitari, Di Genova 2-streamδ-Ed, ESFT (MPI-MAINZ + HITRAN92 for H2O), 235 (150/85), 0.1216–7 µm, 570 m
28 FORTH Vardavas, Hatzianastassiou 2-streamδ-Ed, ESFT, 128 (115/13), 0.2–9.52 µm, 100-layers

Matsoukas
29 CAR-GFDL F. Zhang δ-Ed+adding, ESFT (HITRAN92), 18 (13/5) 0.173–20 µm, AFGL

30 MPI-MOM Kinne 10-streams Matrix-Operator adding-doubling,ck-D (LOWTRAN5+Vigroux), 8 (4/4), µm, 20-layers
31 MOMO Doppler, Fischer Matrix-Operator adding-doubling, non-correlatedk (HITRAN-2008), 97 (67/30), 0.2–100 µm, AFGL

a See Appendix A for further model details. Appendix TableA1 provides additional information on gaseous transmission.
b Format: #-streams and multiple-scattering scheme, gaseous transmittance scheme (transmission database), total # bands (# UV-Vis/# Near-IR), fullλ-range [µm], vertical
resolution.
c Abbreviations: RT = radiative transfer, LBL = line-by-line, DISORT = discrete-ordinate method, PIFM = Practical Improved Flux Method, Ed = Eddington,δ-Ed = delta
Eddington, ES96 =Edwards and Slingo(1996),
SES = Sun-Edwards-Slingo, CS = Chou and Suarez, FL = Fu-Liou, FLG = Fu-Liou-Gu, ESFT = exponential sum fit transmission,ck-D = correlatedk-distribution, AFGL = Air
Force Geophysical Laboratory vertical resolution.

Halthore et al.(2005) and represents the fraction of TOA ir-
radiance absorbed in the atmosphere:

A =
(F

↓

TOA − F
↑

TOA) − (F
↓

SFC− F
↑

SFC)

F
↓

TOA

(1)

where arrows indicate the direction of the flux (positive
down). Additionally, the surface albedo (α) is fixed to the
same value for all wavelengths, allowing for the calculation
of surface (SFC) aerosol RF (F

↑

SFC= αF
↓

SFC). Flux in the
near-IR is computed as the difference between broadband
and UV-VIS.

2.1 Case 1: Rayleigh scattering atmosphere

Only molecular scattering and absorption (Rayleigh atmo-
sphere) occur in the aerosol- and cloud-free Case 1. Follow-
ing Halthore et al.(2005), shortwave flux components were
computed using two different standard atmospheric profiles

for ozone (O3) and water vapor (H2O): the Air Force Geo-
physics Laboratory (AFGL;Anderson et al., 1986) subarc-
tic winter (SAW, lower humidity) and tropical atmospheres
(TROP, higher humidity). Figure1 shows the prescribed O3
and H2O profiles. Modelers were given the standard atmo-
spheres at 1-km resolution from 0–26 km and 2-km from 26–
120 km (corresponding pressure levels were also provided);
it was up to the individual contributor to vertically interpolate
these fields if needed (see Appendix A). Fluxes are analyzed
at two solar zenith angles (SZA), ranging from low (30◦) to
high (75◦), to provide a range of conditions that represen-
tative of tropical and high-latitude conditions, respectively.
The wavelength-independent Lambertian surface albedo (α)
was prescribed as 0.2. This case only considers cloud- and
aerosol-free conditions; it thus highlights the transmittance
of the radiation schemes considered. Results from Case 1 are
presented in Sect.3.1.

Atmos. Chem. Phys., 13, 2347–2379, 2013 www.atmos-chem-phys.net/13/2347/2013/
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Table 2.Protocol summary.

Experiment Case 1 Case 2a Case 2b

Aerosol None (Rayleigh) Fixed Fixed
AOD (0.55 µm) 0 0.2 0.2
Ångstr̈om Spectral dependence of AOD:
Parameter AOD = exp(−1.0× ln(λ/0.55) + ln(0.2))
Asymmetry (g) N/A 0.7 0.7
Parametera

SSAa N/A 1.0 0.8
Surface Albedoa 0.2, globally, spectrally uniform
Atmosphereb AFGL “Tropical” (TROP) and

“Sub-Arctic Winter” (SAW)
(O3 and H2O profiles w/1-km resolution)

Clouds NONE
Solar Zenith Angle 30◦, 75◦ for each atmosphere

a Solar-spectrally invariant.
b TROP has higher humidity (H2O mixing ration) and ozone (see Fig.1).

Fig. 1. Prescribed AFGL profiles of Ozone (O3) and Water Vapor (H2O).
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Fig. 1. Prescribed AFGL profiles of Ozone (O3) and Water Vapor
(H2O).

2.2 Case 2a and 2b: cloud-free atmosphere with
aerosols

Case 2a (Scattering Aerosols) augments Case 1 by consid-
ering a simple prescription of purely scattering aerosols.
AOD at 550 nm is prescribed at 0.2 and linearly dis-
tributed in the lowest 2 km of the host model. This cor-
responds roughly to the “high AOD” case considered by
Halthore et al.(2005). The Ångstr̈om exponent is given
as 1.0 at 550 nm such that at other wavelengths (λ; µm),
AOD = exp(−1.0× ln(λ/0.55)+ln(0.2)). The single scatter-
ing albedo (SSA) is solar-spectrally invariant and set equal
to 1.0 for scattering aerosols. The asymmetry parameter (g)

is prescribed at 0.7 (forward-scattering) and is also solar-
spectrally invariant. In Case 2b (Absorbing Aerosols), we
consider a simple prescription of more absorbing aerosols.
Aerosol properties are as in Case 2a, however the single scat-
tering albedo is prescribed at 0.8 (solar-spectrally invariant
SSA). Note that in Case 2b the aerosolsbothscatter and ab-
sorb solar radiation. These cloud-free aerosol cases shows
how the models handle multiple scattering and atmospheric
absorption by aerosols. Flux results from Case 2a and 2b are
presented in Sect.3.2.

2.3 Case 2a and 2b: aerosol direct radiative forcing

The fluxes considered in Cases 1 and 2 provide the necessary
information to calculate broadband aerosol direct radiative
forcing (RF). Here, RF [W m−2] is defined as the difference
(down↓ – up↑) in flux (F ) with and without aerosols present
in the atmosphere:

RF= (F↓
− F↑)Case2 − (F↓

− F↑)Case1 (2)

Defined in this way (positive down), negative values imply
aerosol radiative cooling and positive values imply aerosol
radiative warming of the climate system. We compute RF
at the top-of-the-atmosphere (TOA) and the surface (SFC).
The atmospheric forcing (ATM) is the difference between
the two: ATM = TOA–SFC. Because aerosol RF is calcu-
lated as a difference in fluxes with and without aerosols
holding atmospheric state constant, errors in the treatment
of the Rayleigh atmosphere (Case 1) tend to be cancelled
to first order. However, we examine aerosol RF because it
is of primary interest to the AeroCom community and re-
mains a major source of uncertainty in our understanding of
anthropogenic climate change (Solomon et al., 2007). Be-
cause we consider harmonized surface and aerosol optical
properties, these RF calculations should indicate differences
in how models treat multiple-scattering, rather than how an
individual model simulates aerosol properties (mass, life-
time, etc.) and their resulting direct RF. Note that global,
diurnally-averaged results from the AeroCom Prescribed Ex-
periment FIX2–FIX0 in clear-sky (cloud-free) conditions are
comparable to Case 2a. However, in the Prescribed Experi-
ment the surface albedo and gaseous absorbers are not fixed
(Stier et el., 2012). Similarly, results from Case 2b are anal-
ogous to the global average FIX3–FIX0 clear-sky results
in Stier et el.(2012). We examine aerosol RF in Sect.3.3
and draw comparisons to other Phase II AeroCom studies in
Sect.3.4.

3 Results

Recall that results from each case are first normalized to
the model-specific TOA downwards flux in the appropriate
band (broadband or UV-VIS); the normalized fluxes are then
scaled by the multi-model median TOA flux (see Fig.2). We
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Fig. 2. Summary of results for Case 1 (Rayleigh Atmosphere) in
W m−2: (a) direct broadband flux down at the surface,(b) total
(direct plus diffuse) near-IR down at the surface (calculated as the
difference between broadband and UV-VIS), and(c) broadband ab-
sorptance calculated as in Eq. (1). Line-by-line results (stars) and
non-LBL results (non-stars) are given as a function of Model # (Ta-
ble1). Shading represents the greater of± 1 standard deviation from
the LBL or non-LBL mean. Normalized results were scaled by the
following broadband (UV-VIS) TOA downwards fluxes: 1189.28
(563.38) W m−2 for SZA 30◦ and 355.43 (168.37) W m−2 for SZA
75◦. Note that the mean bias of TOA downward fluxes for non-
LBL models relative to the LBL models was 2% in the broadband
and 2.4 % in the UV-VIS. Models 22–23 are omitted because they
are the same as Models 20–21 in the clear-sky case. Models 3–4 did
not provide UV-VIS fluxes.

tabulate results separately for the line-by-line (LBL) bench-
mark codes (Models #1 and 2) and the remaining non-LBL
models. We calculate the relative standard deviation (RSD) in
order to evaluate overall model diversity, where RSD =|

σ
µ

|,
σ is the standard deviation, andµ the mean value of the re-
spective parameter. The RSD is calculated separately for the
two LBL models and the non-LBL models. The average bias
of the non-LBL models relative tho the average benchmark
LBL results is expressed as a percent difference from the
LBL-mean (i.e. 100× (µmodels−µLBL )/µLBL ). To visualize
non-LBL model diversity, we examine the individual model
bias relative to the non-LBL model mean.

3.1 Case 1 (Rayleigh atmosphere)

Figure 2a shows the direct downwards broadband flux in
cloud- and aerosol-free conditions for each solar zenith angle
and standard atmosphere combination. While most models
fall within the inter-model diversity (the greater of±1 stan-
dard deviation from the LBL or non-LBL model mean; shad-
ing), models 14, 25, 27, 30, and 31 are often outliers and are
not included in the summary statistics for the Rayleigh atmo-
sphere case in Table3. (Appendix TableA2 provides statis-
tics including all models). Of these models, models 14 and
30 use the same gaseous transmission scheme (Appendix A).
Note that models 22 and 23 are identical to models 20 and
21 for the Rayleigh atmosphere case and are thus omitted for
Case 1; however they are included in Case 2 because they use
different multiple-scattering schemes (Table1).

The low value of RSD for both LBL and non-LBL mod-
els (Table3) indicates the best agreement in direct broadband
flux down at the surface when the water vapor slant path is at
its lowest (30◦ in the sub-Arctic winter). Inter-model differ-
ences increase both with increased solar zenith angle and in-
creased water vapor (i.e. the tropical AFGL profile), with the
former having a stronger impact on the RSD. This pattern of
inter-model difference agrees with the findings ofHalthore et
al. (2005), and the agreement between models in this study is
also generally better than 2 %. Our model diversity is within
∼30 % of the broadband direct flux results for the 16 models
considered inHalthore et al.(2005).

Relative to the LBL models, models in this study tend to
overestimate the direct broadband radiation at the surface by
<2 % under most conditions (Table3). We note that in ad-
dition to prescribing the AFGL ozone and water vapor pro-
files, Halthore et al.(2005) also specified N2 and O2 abun-
dances as a function of height from MODTRAN and fixed
the CO2 mixing ratio at 360 ppm. In our results, individual
modelers choose the specification of trace gasses excluding
O3 and H2O. A sensitivity study to the inclusion of addi-
tional gaseous absorbers was performed using the CAR en-
semble modeling system (Liang and Zhang, 2012; Zhang
et al., 2013), which provided results for seven of the radi-
ation schemes considered here (Table1). Addition of N2O,
CH4, and CO2 contributed to an additional 1 % decrease in
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Table 3.Case 1: Summary of Statistics for the Rayleigh
Atmospherea,b,c

SAW TROP

30◦ SZA 75◦ SZA 30◦ SZA 75◦ SZA

Direct Broadband Downwards Flux at Surface

LBL Avg 942.4 216.2 844.5 179.6
LBL RSD 0.8 % 1.1 % 1.1 % 3.9 %
Model Avg. 946.8 218.6 856.3 186.3
Avg. Bias 0.5 % 1.1 % 1.4 % 3.7 %
Model RSD 0.6 % 1.0 % 0.9 % 2.1 %

Diffuse Broadband Downwards Flux at Surface

LBL Avg 64.4 37.2 64.0 36.8
LBL RSD 0.9 % 1.5 % 0.4 % 0.5 %
Model Avg. 63.4 38.0 63.3 37.9
Avg. Bias −1.5 % 2.1 % −1.1 % 3.0 %
Model RSD 7.0 % 4.8 % 6.8 % 4.6 %

Diffuse Broadband Flux Up at TOA

LBL Avg 227.6 82.6 204.7 75.2
LBL RSD 1.3 % 1.5 % 1.3 % 1.8 %
Model Avg. 230.5 83.9 210.1 77.8
Avg. Bias 1.3 % 1.6 % 2.6 % 3.5 %
Model RSD 1.1 % 1.9 % 1.4 % 2.1 %

Total (Direct + Diffuse) UV-VIS Downwards Flux at Surface

LBL Avg 489.2 115.8 489.1 115.7
LBL RSD 0.7 % 1.3 % 0.2 % 0.3 %
Model Avg. 489.3 116.7 490.3 117.5
Avg. Bias 0.0 % 0.8 % 0.3 % 1.6 %
Model RSD 1.1 % 2.6 % 1.0 % 2.4 %

Total near-IR Downwards Flux at Surfaced

LBL Avg 519.1 138.0 421.1 101.1
LBL RSD 0.8 % 1.0 % 2.3 % 6.5 %
Model Avg. 521.7 139.9 429.1 107.3
Avg. Bias 0.5 % 1.4 % 1.9 % 6.1 %
Model RSD 2.0 % 2.5 % 3.2 % 3.6 %

Broadband Absorptancee

LBL Avg 0.134 0.201 0.221 0.307
LBL RSD 7.2 % 6.4 % 2.5 % 5.1 %
Model Avg. 0.126 0.186 0.204 0.276
Avg. Bias −5.7 % −7.6 % −7.5 % −10.1 %
Model RSD 4.7 % 4.3 % 3.8 % 4.2 %

a Flux units W m−2; scaled normalized results as described in the text and Fig.2.
Statistics for non-LBL models excludes models 14, 25, 27, 30, and 31. Models 22
and 23 are excluded because they are the same as models 20 and 21 in the Rayleigh
atmosphere. TableA2 gives statistics excluding models 22–23 only.
b Line-by-line (LBL) benchmarks (Avg. of models #1 and #2) and non-LBL model
results.
c Avg. Bias is expressed as a percentage of the LBL Avg. RSD = standard deviation
as a percentage of mean.
d Near-IR is calculated as a difference between broadband and UV-VIS.
e Absorptance (Eq.1) is derived assuming F↑SFC= αF↓

SFC and surface albedo
α = 0.2.

Table 4.Statistics for diffuse flux down at surface with aerosolsa

Group 1b Group 2c

ATM and SZA Bias (RSD) Bias (RSD)

Case 2a: Scattering Aerosols

SAW 30 −0.9 % (3.5 %) −36.6 % (5.8 %)
SAW 75 2.3 % (5.2 %) −30.4 % (3.7 %)
TROP 30 0.2 % (3.7 %) −35.3 % (5.6 %)
TROP75 4.3 % (5.4 %) −27.1 % (4.4 %)

Case 2b: Absorbing Aerosols

SAW 30 −0.3 % (3.6 %) −33.8 % (4.4 %)
SAW 75 3.4 % (5.5 %) −26.5 % (2.6 %)
TROP 30 1.0 % (3.9 %) −32.4 % (4.4 %)
TROP 75 5.2 % (5.8 %) −23.1 % (2.8 %)

a Bias = 100×
µGroup−µLBL

µLBL
, RSD = 100× |

σGroup
µGroup

|, µ = mean,

σ = standard deviation.
b Group 1: Model # 3–14, 19–21, and 30–31.
c Group 2: Model # 15–18 and 22–29.

broadband downwards flux at the surface, with most of that
due to carbon dioxide (F. Zhang, personal communication,
2012). We thus note that diversity in the treatment of other
trace gas absorbers may contribute to some of the bias and
diversity in our results.

Figure2b shows the total (direct plus diffuse) downwards
flux in the near-IR (i.e. broadband minus UV-VIS). Deficien-
cies in the near-IR band indicate that models may not ade-
quately treat absorption by water vapor. The statistics in Ta-
ble 3 indicate increased model diversity (larger RSD) and
increased bias relative to the LBL results as the slant-path
of water vapor increases. Broadband absorptance calculated
according to Eq. (1) is shown in Fig.2c. Model diversity ex-
pressed as RSD is roughly 4 % for broadband absorptance.
In the tropical atmosphere, broadband absorptance RSD is
slightly higher compared to the∼3 % diversity found in
Halthore et al.(2005). This difference, however, is small con-
sidering that the spectral resolution of the models considered
in Halthore et al.(2005) was generally much greater than the
models in this study.

In the UV-VIS where gaseous absorption is influenced by
the amount of ozone, the LBL models show good agreement
(RSD. 1 %; Table3). However, the non-LBL RSD is higher
by about a factor of∼2 for SAW (less O3) and a factor of
5–8 for TROP (more O3). The bias relative to the LBL calcu-
lations is low at 30◦ and increases at 75◦. FigureA1a shows
the UV-VIS down at the surface expressed as a percent devi-
ation from the non-LBL model mean (i.e.µ excluding only
models 1–2 and 22–23). Models that performed well for the
broadband may have deficiencies in the UV-VIS range, as
exhibited by models such as 5 and 25, which over and under-
estimate the UV-VIS flux relative to the LBL results (see
Fig. A2). Note that Model #5 uses a one-parameter scal-
ing approach to scale the absorption by atmospheric gases

www.atmos-chem-phys.net/13/2347/2013/ Atmos. Chem. Phys., 13, 2347–2379, 2013
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Fig. 3. As a function of standard atmosphere and solar zenith angle, the inter-model diversity in broadband diffuse flux down at the surface
for Case 2a (Scattering Aerosols), expressed as a percent deviation from the non-LBL model mean (i.e. all models excluding #1 and 2).
FigureA4 shows the inter-model differences in broadband direct and diffuse flux down at the surface for Case 2a and 2b.

to different temperatures and pressures; this reduces the O3
absorption in the Rayleigh atmosphere case but is less im-
portant when calculating aerosol direct and indirect forcing
as well as exoplanetary surface temperatures, the primary ap-
plications of this model.

The largest inter-model flux differences occur for broad-
band diffuse flux to the surface (Table3, Figs. A1b and
A3). The RSD is roughly equal for each SZA regardless of
prescribed atmosphere, and it is greatest at 30◦. Relative to
LBL calculations, models generally under- and overestimate
broadband diffuse flux at the surface at lower and higher solar
zenith angle, respectively. Because much of the diffuse flux
occurs in the UV-VIS, deficiencies in the broadband diffuse
flux may point to issues in the treatment of ozone absorption.
The model diversity for the diffuse flux down at the surface is
comparable toHalthore et al.(2005) in the sub-Arctic winter;
however, it is considerably (∼5 times) less in the tropical at-
mosphere. The relatively good agreement in upwards broad-
band flux at the top-of-the atmosphere (RSD∼2 %) is similar
to the agreement found for the direct broadband flux to the
surface as expected due to the prescribed surface albedo.

3.2 Case 2 (fluxes with aerosols)

Flux results for Case 2a (Scattering Aerosols) and Case
2b (Absorbing Aerosols) are summarized in Appendix Ta-
blesA3 andA4, respectively. For all flux quantities, model
disagreement (RSD) increases with solar zenith angle and,
with the exception of downwards UV-VIS flux, is higher in
the tropical atmosphere compared to the sub-Arctic winter.
In both aerosol cases, models agree within.3 % for all total
(direct plus diffuse) flux quantities. For comparison,Halthore

et al.(2005) found that model diversity with inclusion of non-
absorbing aerosols at high AOD (0.24) as generally within
1–2 %. Model diversity is similar with increased aerosol ab-
sorption (decreased SSA), but the magnitude of the bias rel-
ative to the LBL-benchmark is generally slightly higher for
absorbing aerosols.

The worst model agreement for Case 2 occurs for the com-
ponents of the total irradiance down at the surface, a find-
ing in accord with Phase I of the Continual Intercompari-
son of Radiation Codes (CIRC;Oreopoulos et al., 2012).
Figures3 and A4 illustrate the inter-model differences in
the diffuse and direct components of the downwards broad-
band flux. The models tend to fall into two separate groups:
those which are approximately equal to the LBL-benchmark
(Group 1, Models #3–14, 19–21, 30–31), and those that un-
derestimate it (Group 2; Models #15–18, 22–29). Table4
gives the statistics for each group relative to the LBL-mean.
Despite the different biases in the two groups relative to the
LBL-benchmark, the RSD shows that the model diversity is
similar for each group (∼3–6 %). Most multi-stream models
(#3, 5–9), which include all models that employ the DISORT
algorithm for multiple-scattering (#3–7), agree the best with
the LBL-benchmarks (see the Appendix Fig.A5 and A6).
Both LBL schemes also use DISORT and multiple streams
(Table1).

A sensitivity study using both a delta 2-stream and delta 4-
stream approximation was performed using Model #9 (CAR-
FLG; F. Zhang, personal communication, 2012). While
Model #9 is in Group 1 (Table4) when run with a delta 4-
stream method, using only a delta 2-stream method largely
reduces the broadband diffuse flux to the surface such that it

Atmos. Chem. Phys., 13, 2347–2379, 2013 www.atmos-chem-phys.net/13/2347/2013/
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Fig. 4. Summary of results for top of the atmosphere aerosol radiative forcing (TOA RF) in Wm�2: (a) Case 2a
(Scattering Aerosols) SAW, (b) Case 2b (Absorbing Aerosols) SAW, (c) Case 2a (Scattering Aerosols) TROP,
and (d) Case 2b (Absorbing Aerosols) TROP. Line-by-line results (stars) and non-LBL results (non-stars) are
given as a function of Model # (Table 1). Shading represents the greater of± 1 standard deviation from the LBL
or non-LBL mean (excluding Models 20–21). RF was calculated from Eq. (2) using normalized flux results

that were scaled by the broadband downwards fluxes given in Fig. 2.
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Fig. 4.Summary of results for top of the atmosphere aerosol radiative forcing (TOA RF) in W m−2: (a) Case 2a (Scattering Aerosols) SAW,
(b) Case 2b (Absorbing Aerosols) SAW,(c) Case 2a (Scattering Aerosols) TROP, and(d) Case 2b (Absorbing Aerosols) TROP. Line-by-line
results (stars) and non-LBL results (non-stars) are given as a function of Model # (Table1). Shading represents the greater of± 1 standard
deviation from the LBL or non-LBL mean (excluding Models 20–21). RF was calculated from Eq. (2) using normalized flux results that
were scaled by the broadband downwards fluxes given in Fig.2.

is closer to the mean flux for Group 2. In the delta-rescaling,
the fraction of scattered energy residing in the forward peak
(f ) for the delta 2-stream and delta 4-stream approximations
aref = ω̃2/5 andf = ω̃4/9, respectively, wherẽω2 and ω̃4
are the second and fourth coefficients of the phase function.
Using the Henyey-Greenstein phase function,ω̃2 = 5g2 and
ω̃4 = 9g4 whereg is the asymmetry factor. Whenf decreases,
more scattered energy is kept and there is an increase in dif-
fuse flux at the surface. As the number of streams increase
from two (f ∼g2) to four (f ∼g4), f decreases, and the dif-
fuse flux down to the surface increases.

Models #20–23, which employ the Practical Improved
Flux Method (PIFM) for multiple scattering (Zdunkowski et
al., 1980), illustrate that the same 2-stream method can be
configured to either more accurately represent diffuse or to-
tal flux. In models #22 and 23,δ-rescaling provides more

accurate total flux at the expense of the partitioning between
the direct and diffuse fluxes because it increases the flux in
the direct beam to account for strong forward aerosol scat-
tering. However, while omittingδ-rescaling (models #20 and
21) improves the accuracy of the diffuse beam relative to the
LBL-results (Figs.A5 andA6), as shown in Sect.3.3, it im-
pacts RF estimates.

3.3 Aerosol direct radiative forcing from
Case 2a and 2b

Figure4 shows the top of the atmosphere aerosol radiative
forcing. Surface and atmospheric aerosol radiative forcing
are shown in Fig.5. Table5 gives the multi-model statistics
for the aerosol radiative forcing. Note that Models #20-21 are
outliers (see Fig.4). Recall from Section3.2that these mod-
els are the same as Models #22-23 except that they do not
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Table 5.Summary of statistics for aerosol radiative forcinga, b, c, d

Case 2a: Scattering Aerosols Case 2b: Absorbing Aerosols
TOA RF SFC RF TOA RF SFC RF

Sub-Arctic Winter 30◦ SZA

LBL Avg. −8.6 −9.7 11.6 −42.1
LBL RSD 3.4 % 4.2 % 0.7 % 1.4 %
Model Avg. −10.2 (−10.6) −11.0 (−11.2) 9.9 (9.4) −41.8 (−41.6)
Avg. Bias 18.9 % (23.2 %) 13.0 % (15.9 %) −14.2 % (−18.5 %) −0.7 % (−1.2 %)
Model RSD 14.7 % (14.3 %) 13.3 % (13.8 %) 14.3 % (12.9 %) 4.1 % (4.3 %)

Sub-Arctic Winter 75◦ SZA

LBL Avg. −20.3 −21.5 −7.2 −37.8
LBL RSD 3.2 % 3.8 % 0.7 % 2.9 %
Model Avg. −18.2 (−17.4) −18.6 (−17.5) −6.1 (−5.7) −34.7 (−33.5)
Avg. Bias −10.3 % (−14.2 %) −13.8 % (−18.7 %) −15.0 % (−20.1 %) −8.1 % (−11.2 %)
Model RSD 9.6 % (5.4 %) 11.8 % (5.9 %) 12.6 % (6.3 %) 7.3 % (4.2 %)

Tropics 30◦ SZA

LBL Avg. −8.2 −10.0 10.3 −40.6
LBL RSD 0.7 % 5.1 % 2.0 % 0.5 %
Model Avg. −9.8 (−10.2) −10.9 (−11.0) 9.0 (8.7) −40.4 (−40.1)
Avg. Bias 19.2 % (23.3 %) 8.3 % (10.1 %) −12.0 % (−15.9 %) −0.6 % (−1.2 %)
Model RSD 14.5 % (14.2 %) 12.2 % (13.3 %) 15.2 % (15.1 %) 4.0 % (4.2 %)

Tropics 75◦ SZA

LBL Avg. −18.0 −18.9 −6.5 −33.6
LBL RSD 1.8 % 0.1 % 5.8 % 0.8 %
Model Avg. −16.7 (−16.1) −16.6 (−15.7) −5.7 (−5.4) −31.6 (−30.7)
Avg. Bias −7.4 % (−10.9 %) −12.3 % (−17.0 %) −12.4 % (−16.9 %) −5.8 % (−8.6 %)
Model RSD 8.9 % (6.1 %) 11.8 % (7.5 %) 11.6 % (7.1 %) 8.3 % (7.3 %)

a Forcing units W m−2 calculated as in Eq. (2). We exclude Model # 20 and 21 as described in the text.
In parenthesis, we also exclude the multi-stream models (Models # 3 and 5–9) that agree well with LBL results.
b Line-by-line (LBL) benchmarks (Avg. of Models #1 and #2) and non-LBL model results.
c Avg. Bias is expressed as a percentage of the LBL Avg. Positive values imply that models overestimate radiative cooling or radiative
warming. RSD = standard deviation as a percentage of mean.
d Unless given, assumed F↑

SFC= αF↓

TOA andα = 0.2 to calculate SFC RF.

includeδ-rescaling (and thus sacrifice accuracy in total flux
to gain accuracy in diffuse flux). Models #20-21 significantly
over- and underestimate both the LBL-mean and the mean of
all other models at 30◦ and 75◦, respectively; we thus exclude
them from the RF statistics in Table5. Models using multiple
streams (#3, 5–9, 30–31) generally show the best agreement
with benchmark LBL calculations of TOA radiative forcing.
If we exclude multi-stream models from the statistics in Ta-
ble 5 (shown in parenthesis), the model bias gets larger but
there is an improvement in model diversity (i.e. a reduction
in RSD).

For scattering-only aerosols (Case 2a), the magnitude of
aerosol cooling increases with solar zenith angle (Table5).
This is expected for an optically thin atmosphere; as the solar
zenith angle increases so does the upscatter fraction, and de-
creases in incident irradiance are compensated by increased
optical path length (Nemensure et al., 1995; Halthore et al.,

2005). Compared to benchmark LBL calculations (Table5),
models tend to overestimate top of the atmosphere radiative
cooling at low SZA and underestimate radiative cooling at
high SZA. The magnitude of this bias is less sensitive to
the prescribed atmosphere than to solar zenith angle, and is
on the order of 20 % at 30 degrees and 10 % at 75 degrees.
Model diversity is largest at the lower zenith angle (∼15 %
RSD at 30◦ compared to∼9 % at 75◦). As expected for non-
absorbing aerosols, the behavior of the surface radiative forc-
ing in terms of bias and RSD is similar to the results at the
TOA.

For more absorbing aerosols (Case 2a, SSA = 0.8), TOA
aerosol radiative forcing switches sign from positive to neg-
ative (radiative warming to cooling) as solar zenith angle in-
creases. Models underestimate TOA radiative warming by
∼12–14 % at 30◦ and underestimate radiative cooling at 75◦

by about 12–15 % relative to the LBL benchmark. Model
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Fig. 5. Summary of results for surface and atmospheric aerosol radiative forcing (SFC and ATMRF) inWm�2:

(a) Case 2a (Scattering Aerosols) SAW, (b) Case 2b (Absorbing Aerosols) SAW, (c) Case 2a (Scattering
Aerosols) TROP, and (d) Case 2b (Absorbing Aerosols) TROP. Line-by-line results (stars) and non-LBL re-
sults (non-stars) are given as a function of Model # (Table 1). Shading represents the greater of ± 1 standard
deviation from the LBL or non-LBL mean. RF was calculated from Eq. (2) using normalized flux results that

were scaled by the broadband TOA downwards fluxes given in Fig. 2. The ATM forcing is calculated as a

residual from the TOA and SFC RF (i.e. ATM RF=TOA RF�SFC RF).
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Fig. 5. Summary of results for surface and atmospheric aerosol radiative forcing (SFC and ATM RF) in W m−2: (a) Case 2a (Scattering
Aerosols) SAW,(b) Case 2b (Absorbing Aerosols) SAW,(c) Case 2a (Scattering Aerosols) TROP, and(d) Case 2b (Absorbing Aerosols)
TROP. Line-by-line results (stars) and non-LBL results (non-stars) are given as a function of Model # (Table1). Shading represents the
greater of± 1 standard deviation from the LBL or non-LBL mean. RF was calculated from Eq. (2) using normalized flux results that were
scaled by the broadband TOA downwards fluxes given in Fig.2. The ATM forcing is calculated as a residual from the TOA and SFC RF (i.e.
ATM RF = TOA RF−SFC RF).

biases are slightly larger in magnitude for the sub-Arctic
winter (lower humidity) compared to the tropics (higher hu-
midity). Model diversity (RSD) is roughly 12–15 % for all
conditions considered. Surface radiative forcing for absorb-
ing aerosols shows the least bias compared to the LBL-
benchmark as well as the lowest model diversity.

Figure 6 shows bi-variate probability density functions
(PDFs) of TOA aerosol radiative forcing for Case 2a (a–d)
and Case 2b (e–h). As a function of SZA for either the SAW
(Fig. 6a and e) or TROP (Fig.6b and f) atmospheric profile,
the PDF indicates two main groups. Group M1 includes the
LBL-models and most of the multi-stream models (#3, 5–9)
and group M2 includes the majority of the other models. The
near-linear shape of the TOA RF PDFs as a function of at-
mosphere for SZA 30◦ (Fig. 6c and g) and SZA 75◦ (Fig. 6d

and h) indicate that the inter-model diversity in TOA RF has
a stronger dependence on SZA than on trace-gas absorption,
as expected. For absorbing aerosols (Case 2b), inter-model
diversity decreases, and this results in less spread in the TOA
RF PDF as a function of solar zenith angle for a given atmo-
sphere (Fig.6e–f). In Fig.6i–l we show bi-variate PDFs of
TOA aerosol RF for each atmosphere-SZA combination for
Case 2a (Scattering Aerosols) relative to Case 2b (Absorbing
Aerosols). The PDFs are generally fairly linear but appear
somewhat bi-modal, with the different modes corresponding
to groups M1 and M2. Models 20–21 form a separate mode.

In Fig.7 we show PDFs of the TOA, SFC, and ATM radia-
tive forcing relative bias compared to the LBL-mean bench-
mark for all conditions. We see a strong dependence of model
bias on solar zenith angle, which is somewhat stronger for
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Fig. 6. Bi-variate probability density function (PDF) of TOA aerosol radiative forcing for Case 2a (Scattering
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other models (except Models #20–21).
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Fig. 6.Bi-variate probability density function (PDF) of TOA aerosol radiative forcing for Case 2a (Scattering Aerosols):(a) sub-Arctic winter
as a function of solar zenith angle,(b) the tropics as a function of solar zenith angle,(c) SZA 30◦ as a function of prescribed atmosphere,
and(d) SZA 75◦ as a function of prescribed atmosphere. PDFs of TOA RF for Case 2b (Absorbing Aerosols):(e) sub-Arctic winter as a
function of solar zenith angle,(f) the tropics as a function of solar zenith angle,(g) SZA 30◦ as a function of prescribed atmosphere, and(h)
SZA 75◦ as a function of prescribed atmosphere. PDFs of the effect of aerosol absorption (i.e. Case 2a vs. Case 2b) for given conditions:(i)
SAW SZA 30◦, (j) SAW SZA 75◦, (k) TROP SZA 30◦, and(l) TROP SZA 75◦. The PDFs are calculated such that the volume is normalized
to unity. Red shading indicates a large concentration of models. Group M1 includes Models #1–3, and 5–9. Group M2 includes most other
models (except Models #20–21).

non-absorbing aerosols. Compared to scattering aerosols, ab-
sorbing aerosols reduce model biases, particularly for SFC
and ATM forcing at lower SZA. Note that the large biases
for atmospheric forcing due to scattering aerosols are a con-
sequence of the small value of this quantity (<1 W m−2).

3.4 Comparison to other AeroCom Phase II
experiments

As noted in the introduction, two other Phase II AeroCom
experiments examine the diversity in aerosol radiative forc-
ing estimates in global models.Myhre et al.(2013) reports
the direct aerosol RF for 16 global aerosol models, 8 of
which use radiation schemes similar or identical to radia-
tive transfer schemes examined in this work. Results from
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where µ is the mean. Negative biases

imply too much radiative cooling or too little radiative warming; positive biases imply too little radiative cooling

or not enough radiative cooling (too much radiative warming). The small peaks in the PDF are from Models

#20 and 21 which use the Eddington approximation (as opposed to the �-Eddington approximate used in the

counterpart Models #22 and 23).
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Fig. 7. For each solar zenith angle and prescribed atmosphere combination, the probability density function P(x) for(a) scattering aerosol
(Case 2a) TOA RF bias,(b) scattering aerosol (Case 2a) SFC RF bias,(c) scattering aerosol (Case 2a) ATM RF bias,(d) absorbing aerosol
(Case 2b) TOA RF bias,(e)absorbing aerosol (Case 2b) SFC RF bias, and(f) absorbing aerosol (Case 2b) ATM RF bias. Biases are calculated
as the percent deviation of each non-LBL model from the LBL mean: Bias = 100×

µmodel−µLBL
µLBL

whereµ is the mean. Negative biases imply
too much radiative cooling or too little radiative warming; positive biases imply too little radiative cooling (too much radiative warming). The
small peaks in the PDF are from Models #20 and 21 which use the Eddington approximation (as opposed to theδ-Eddington approximate
used in the counterpart Models #22 and 23).

Myhre et al.(2013), reported as clear-sky (cloud-free) TOA
and ATM normalized radiative forcing efficiency (NRF), can
be compared to the results from this study for the absorb-
ing aerosol case. Note that the results fromMyhre et al.
(2013) (a) are global averages (diurnal and zenith-angle av-
eraged) and (b) have varying host-model treatment of, for
example, surface albedo and atmospheric gases. The NRF is
defined as TOA and SFC radiative forcing divided by AOD or
the ATM radiative forcing divided by the absorption optical
depth (AAOD = (1− SSA)× AOD). Clear-sky global aver-
age results from the AeroCom Prescribed Experiment (Stier
et el., 2012), which included 8 models using similar or identi-
cal radiation schemes to those included in this study, are even
more comparable to results reported here. Specifications for
aerosol properties in FIX2–FIX0 and FIX3–FIX0 are iden-
tical to Case 2a (Scattering Aerosols) and Case 2b (Absorb-
ing Aerosols), respectively. However, inStier et el.(2012)
surface albedo and Rayleigh scattering are different for each
model, and results are for global average conditions (diurnal,
solar-zenith angle averaged). Note that in both this study and
Stier et el.(2012) AOD is 0.2 and and AAOD is 0.04; these
optical properties varied by model inMyhre et al.(2013).

Figure 8 summarizes overlapping aerosol radiative forc-
ing results from the AeroCom Phase II experiments. Models

that use similar radiation schemes have the same colored bar,
and the benchmark average LBL radiative forcing (black bars
with ± 1 standard deviation error bars) is given for this study.
TableA5 gives the model name and number from this study
and the corresponding model names fromStier et el.(2012)
andMyhre et al.(2013).

Figure 8a and c summarize the TOA and SFC NRF for
Case 2a (Scattering Aerosols) and its analog (FIX2–FIX0)
from the Prescribed Experiment. The mean (RSD) of the
eight models from the Prescribed Experiment (FIX2–FIX0)
are −36.6 W m−2 (6.0 %) and−37.7 W m−2 (8.4 %) for
TOA and SFC NRF, respectively. For these same radiation
schemes in the current study, the mean TOA NRF ranges
from ∼-47 to−84 W m−2, increasing in magnitude with in-
creased SZA. The RSD ranges from∼8 to 18 %, increasing
with decreased SZA. As solar zenith angle increases, surface
NRF increases in magnitude by a factor of 1.7, and the RSD
ranges are roughly the same as the TOA NRF.

For the scattering aerosol case, note that Fig.8b shows the
ATM RF, rather than the normalized atmospheric radiative
forcing because AAOD = 0. Though aerosol absorption is de-
fined as zero for the simulations considered here (SSA = 1.0),
aerosol scattering can enhance molecular absorption by in-
creasing the photon path-length (Stier et el., 2012). For both
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Fig. 8. Summary of clear-sky (cloud-free) aerosol direct normalized radiative forcing (NRF) from the present study (AeroCom Radiative
Transfer Experiment), the AeroCom Prescribed Experiment (Stier et el., 2012), and the AeroCom Direct Radiative Forcing Experiment
(Myhre et al., 2013). NRF is defined as the TOA and SFC RF divided by the AOD and the ATM RF divided by the absorption optical depth
(AAOD = (1−SSA)×AOD). Results fromStier et el.(2012) andMyhre et al.(2013) are from Table 3 of each study. Models which use
similar radiative transfer schemes have the same color bar.(a) Comparison of TOA NRF results from Case 2a (Scattering Aerosols) versus
the FIX2–FIX0 (Stier et el., 2012); aerosol properties in these two studies are identical (AOD = 0.2, SSA = 1.0) except inStier et el.(2012)
host models simulate their own surface albedo and gaseous absorbers. Also, the results for FIX2–FIX0 are global and diurnal average results.
(b) Comparison of ATM RF results from Case 2a (Scattering Aerosols) versus FIX2–FIX0. Note: We do not show normalized atmospheric
radiative forcing because the AAOD is zero in the scattering aerosol case. Non-zero ATM RF in the scattering case results from enhanced
molecular absorption due to aerosol scattering as described in the text.(c) Comparison of SFC NRF from Case 2a and FIX2-FIX0.(d–f)
Comparison of TOA, ATM, and SFC NRF results from Case 2b (Absorbing Aerosols) versus the global average result from FIX3-FIX0 (Stier
et el., 2012), which also has the same specified aerosol optical properties (but not the same albedo or gaseous absorbers; AOD = 0.2, AAOD
= 0.04). We also include results from the AeroCom Direct Radiative Forcing Experiment (Myhre et al., 2013). Note that in the global and
diurnally averaged results inMyhre et al.(2013), models are run in their standard configuration, simulating all included aerosol processes.
The mean SSA for the eight models here was 0.941 with a standard deviation of 0.02, and the mean global AOD was 0.0245 with a standard
deviation of 0.008 (Table 3;Myhre et al., 2013).
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studies, the RSD in atmospheric radiative forcing is largest
(e.g. 47 % at 30◦). In this study, the mean ATM RF is slightly
positive (more positive at lower SZA) for the eight models
overlapping withStier et el.(2012). Stier et el.(2012) indi-
cates a mean ATM RF of 0.2 W m−2 with a large RSD.

In both this study and the Prescribed Experiment, Oslo-
DISORT (Model #3, OsloCTM2 inStier et el., 2012) ex-
hibits the strongest absorption enhancement in the scattering-
only aerosol case. However, the ATM RF of Model #3 (a
multi-stream model) has the best agreement with the mean
LBL result. In the two-stream version of this model (Oslo-
2stream, Model #4; see Fig.5), the ATM NRF is reduced by
roughly 30 to 110 % at lower and higher SZA, respectively.
We also note that Oslo-DISORT has a low spectral resolu-
tion (4 shortwave bands, Table1), and enhanced molecular
absorption due to O3 may be larger as a result (Stier et el.,
2012).

The mean (RSD) of the eight models from the Pre-
scribed Experiment (FIX3–FIX0) are−9.7 W m−2 (19.7 %),
397 W m−2 (5.9 %), and−89.1 W m−2 (5.3 %) for TOA,
ATM, and SFC NRF, respectively. Note that inStier et el.
(2012), models can have different surface albedos, and dif-
ferences in the resulting path-length can contribute to the di-
versity in atmospheric absorption at the TOA. For the analog
Case 2b (Absorbing Aerosols; Fig.8d–f), the TOA NRF RSD
for these same eight radiation schemes ranges 10 to 14 %,
increasing with decreased SZA. The mean TOA NRF is
48.6 W m−2 at 30◦ and−28.7 W m−2 at 75◦. In this study, at-
mospheric NRF averages 659 W m−2 at 75◦ and 1236 W m−2

at 30◦. The RSD for ATM NRF (8 and 5 % at each of these
solar zenith angles, respectively) is lower compared to the
scattering-only case, consistent with the results ofStier et el.
(2012). The RSD for SFC NRF in Case 2b is roughly equiv-
alent to the atmospheric values.

We now consider radiation schemes that were also in-
volved in the AeroCom Direct Radiative Forcing Experiment
(Myhre et al., 2013). While it is generally difficult to scale the
uncertainties in aerosol radiative forcing under idealized con-
ditions to uncertainties in diurnal-averaged global estimates
of aerosol radiative effects, this comparison allows us to ex-
amine how these radiation schemes perform at given solar
zenith angles and atmospheric conditions that may be repre-
sentative of daily averaged forcing for a given region. Con-
sidering schemes also used inMyhre et al.(2013), the TOA
normalized forcing diversity (RSD) is roughly 10 to 14 % for
Case 2b (Absorbing Aerosols) and the mean TOA NRF is
∼47 and−29 W m−2 at lower and higher SZA, respectively.
SFC and ATM NRF model diversity ranges between 5 and
8 % (increasing with SZA). We compare Case 2b results to
clear-sky results from the Direct RF experiment, which have
an average SSA of 0.94 (i.e. less absorbing than Case 2b).
After having first simulated the full aerosol life-cycle, the
Direct RF models exhibits relatively good agreement in at-
mospheric normalized radiative forcing (RSD∼14 %; mean
450 W m−2). However, there is a large range in TOA NRF

(∼-18 to−76 W m−2; mean−29.6 W m−2; RSD 64 %) and
SFC NRF (∼ −38 to −96 W m−2; mean−57.4 W m−2;
RSD 35 %). Thus all three AeroCom studies indicate lower
inter-model diversity in simulating atmospheric absorption
when more absorbing aerosols are considered. The higher
RSD in surface NRF inMyhre et al.(2013) may reflect the
use of geographic and model-dependent surface albedo.

4 Conclusions

In this study we examine the performance of multi- and
two-stream radiative transfer schemes used in global climate
models relative to reference data from high spectral resolu-
tion multi-angular methods. We examine the models in a con-
trolled sense by prescribing both gaseous absorbers (water
vapor and ozone) and simple aerosol optical properties (sep-
arately, scattering-only and more absorbing aerosols) with
fixed surface albedo. Results are compared as a function of
solar zenith angle and increasing trace gas amount.

Comparisons in clear-sky (aerosol- and cloud-free)
Rayleigh atmosphere conditions of solar atmospheric trans-
missions indicate significant model bias from the reference
line-by-line calculation (up to 6 % at high solar zenith angle
in humid conditions for the near-IR). This identifies deficien-
cies particularly in the representation of absorption by atmo-
spheric water vapor. Diversity amongst models, quantified as
the standard deviation as a percentage of the mean or relative
standard deviation, is on the order of 2 to 4 % for wavelengths
where gaseous absorption is prominent (near-IR), and this di-
versity increases as water vapor slant path increases (or, as
SZA increases). In the Rayleigh atmosphere case, the largest
model diversity occurs in the partitioning of total flux into
direct and diffuse components.

In order to isolate the treatment of multiple scattering and
absorption by aerosols, we computed the broadband solar top
of the atmosphere aerosol radiative forcing. In the computa-
tion of forcing, a second call is made to the radiation models,
now with prescribed aerosol optical properties, and fluxes at
the TOA are differenced relative to the Rayleigh atmosphere
case. The diversity amongst models in the TOA forcing is
largest for purely scattering aerosols at low SZA (15 %) and
decreases with increasing SZA. Increased aerosol absorption
decreases the diversity in atmospheric and surface radiative
forcing. This indicates that the treatment of multiple scatter-
ing contributes to the large inter-model diversity in top of the
atmosphere aerosol radiative forcing, and this diversity may
be important given the regionally diverse absorption charac-
teristics of global aerosols.

When considering solar top of the atmosphere (TOA) ra-
diative forcing by aerosols, deficiencies in gaseous transmis-
sion are less important than the treatment of multiple scat-
tering. Relative to benchmark multi-directional line-by-line
results, when scattering-only aerosols are considered, sim-
pler two stream models over- and underestimate TOA aerosol
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radiative cooling as SZA increases. Two-stream models un-
derestimate the magnitude of radiative warming and cooling
at lower and higher SZA when absorbing aerosols are con-
sidered. The bias in aerosol radiative forcing for the mod-
els in this study is on the order of 10-20 %, with the highest
bias occurring when considering scattering aerosols at lower
SZA.

We considered solar zenith angles more representative of
the tropics (30◦) and high latitudes (75◦) following Halthore
et al.(2005). A previous study (Russell et al., 1997) indicated
that aerosol radiative forcing may peak somewhere in be-
tween these angles (specifically, around 60◦ for mostly scat-
tering aerosol due to the competition between path length
and available sun energy). Thus, biases reported in this study
may be mitigated in the global average. Indeed, the inter-
model diversity reported in this study for the two specific
zenith angles is generally higher than those reported for
global, diurnally-averaged conditions (Myhre et al., 2013)
even when the same aerosol optical properties are prescribed
(Stier et el., 2012). Though biases may be larger when con-
sidering specific zenith angles, we note that all three Aero-
Com studies indicate decreased inter-model diversity in at-
mospheric radiative forcing as aerosol absorption increases.
Further, bothStier et el.(2012) and this work show that atmo-
spheric absorption is enhanced when considering scattering-
only aerosol because the increased photon path-length in-
creases molecular absorption, particularly by ozone.

For daily forcing simulations, biases in radiative forcing
indicate that there is a tendency by the two-stream models to
under- and overestimate the magnitude of aerosol forcing for
absorbing and scattering-only aerosols, respectively, at low
latitudes (with predominantly low solar zenith angles during
the day). At high latitudes (with predominantly high solar
zenith angles during the day), scattering-only and absorbing
aerosols both underestimate the magnitude of aerosol radia-
tive cooling. It is important to note that computational limi-
tations often prevent the use of multi-stream radiative trans-
fer schemes in global aerosol modeling. Delta-scaling serves
to somewhat mitigate the accuracy sacrificed by two-stream
models in their representation of the phase function. Further-
more, from a climatological perspective, daily biases intro-
duced by two-stream schemes may partially compensate one
another when computing a global average radiative forcing.
However, regionally and seasonally they may introduce sys-
tematic errors that can significantly impact aerosol climate
effects.

This study has presented an intercomparison of global
aerosol model radiative transfer schemes using common ide-
alized aerosol properties. We have shown that, assuming
aerosol properties are perfectly known, the bias in aerosol
radiative forcing is sensitive to the solar zenith angle. Yet, it
is expected that inter-model differences in simulating aerosol
properties (e.g. AOD, SSA) would likely introduce biases in
radiative forcing of greater magnitude than presented here.
Global observations of AOD have served to reduce inter-

model diversity in simulated AOD (e.g.Textor et al., 2006,
2007). An observing system that helps to better constrain
the diurnal variation of aerosol optical properties would en-
able global aerosol models to converge to a better repre-
sentation of these properties as a function of zenith angle
and hence a better estimate of aerosol radiative forcing. The
smaller biases introduced by the use of two-stream radiation
schemes can be mitigated by future advances in computa-
tional power that will allow multi-stream schemes to operate
on-line within global aerosol models.

Appendix A

Radiative transfer scheme descriptions

We provide brief descriptions of the models used in this in-
tercomparison; model characteristics are summarized in Ta-
ble1 and Appendix TableA1. We refer the reader to seminal
works for details on radiative transfer theory and methods
for solving the transfer equation (e.g.,Chandrasekhar, 1960;
van de Hulst, 1980; Lenoble, 1985; Liou, 1992). Models in
the appendix are arranged by model # from Table1 with the
names of contributing investigators given in parenthesis.

A1 Models #9, 11, 15, 17, 25, 26 and 29: Cloud-Aerosol-
Radiation model (CAR; F. Zhang)

The Cloud-Aerosol-Radiation (CAR) Ensemble Modeling
System currently incorporates 7 major cloud-aerosol radi-
ation packages used in major research institutions world-
wide: CAM (NCAR), RRTMG (NCEP, ECMWF, and fu-
ture NCAR), GFDL (NOAA), GSFC (NASA), CCCMA
(Canada), CAWCR (Australia), and FLG (popular for
DOE/ARM). A general model description and basic skill
evaluation of the CAR system is found inLiang and Zhang
(2012); Zhang et al.(2013) and can also be found athttp:
//car.umd.edu. For each radiative transfer code, radiative pro-
cesses such as gaseous absorption and absorption and scat-
tering by clouds and aerosol particles can be easily included
or excluded depending on the aim of the study. Strikingly,
cloud and aerosol properties can be decoupled from the ra-
diative transfer calculation, making CAR a useful tool for
the intercomparison of different cloud, aerosol and radia-
tion schemes. See additional descriptions of each radiation
scheme in CAR used in this intercomparison according to
model number from Table1.

A2 Model #1 GENLN2-DISORT (G. Myhre)

GENLN2-DISORT is the GENLN2 (Edwards, 1992) line-
by-line (LBL) model coupled to a discrete-ordinate method
(DISORT; Stamnes et al., 1988) for calculation of radiative
fluxes. The model has been used for radiative transfer calcu-
lation in the solar spectrum previously (Myhre et. al., 2002)
and in an intercomparison study (Forster et al., 2011). The
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Table A1. Gaseous transmission schemes: #k- or ESFT terms for ozone and water vapora

Model # Model Name Type # O3 # H2O

1 GENLN2-DISORT LBL – –
2 RFM DISORT (RFMD) LBL – –

3 Oslo-DISORT ESFT 2 2–3
4 Oslo-2Stream ESFT 2 2–3
5 UNIVIE-Streamer ESFT 0–30 terms/band 0-30 terms/band
6 FMI-libRadtran ck-D 123 30
7 LMU-libRadtran ck-D 123 30

8 GSFC-FL ck-D 10 54
9 CAR-FLG ck-D 10 44
10 LaRC-FL ck-D 10 60
11 CAR-RRTMG ck-D 28 92
12 RRTMG-SW ck-D 28 92
13 LMU-2stream ck-D 123 30
14 MPI-2stream ck-D 9 41
15 CAR-GSFC k-distribution 8 31
16 BCC-RAD ck-D 15 13
17 CAR-CCCMA ck-D 9 23
18 ECHAM5.5 Pad́e approximation 1 1
19 UMD-SRB k-distribution for H2O – 40

Lacis and Hansen(1974) for O3
20 ES96-6 ck-D 6 15
21 ES96-220 ck-D 0–24/band 0–25/band
22 ES96-6-D ck-D 6 15
23 ES96-220-D ck-D 0–24/band 0–25/band
24 UKMO-HadGEM2 ck-D 6 15

25 CAR-CAWCR ESFT 8 13
26 CAR-CAM ESFT 7 7
27 ULAQ ESFT 150 85
28 FORTH ESFT high spectral resolution 67

for O3 photolysis rates
29 CAR-GFDL ESFT 14 25

30 MPI-MOM ck-D 9 41
31 MOMO non-correlatedk 120 3000

a Abbreviations: LBL = line-by-line, DISORT = discrete-ordinate method, ES96 =Edwards and Slingo(1996), ESFT = exponential sum fit transmission,
ck-D = correlatedk-distribution

GENLN2 LBL code is updated with absorption data from
the HITRAN-2008 database (Rothman et al., 2009). Absorp-
tion by H2O, CO2, O3, O2, and CH4 has been included in
the simulations. The spectral resolution in the computations
was 0.02 cm−1. The extraterrestrial spectral solar irradiance
had a 1 nm resolution fromLean et al(2005) in simulations
and the full spectral region considered has been from 0.2 µm
to 5.0 µm. For this intercomparison the radiative fluxes were
computed using 16 streams in the DISORT code.

A3 Model #2 RFM DISORT (RFMD; E. Highwood,
C. Ryder, B. Harris)

RFM DISORT is the Reference Forward Model (RFM), a
line-by-line radiative transfer model, coupled to a discrete

ordinate method (DISORT;Stamnes et al., 1988) for scatter-
ing calculations. RFM has been developed at Oxford Uni-
versity, UK (http://www.atm.ox.ac.uk/RFM/) and is based
on the GENLN2 model (Edwards, 1992). The spectral res-
olution used was 1 cm−1, covering wavelengths from 0.2 to
10 microns with 4 streams in DISORT. The HITRAN 2004
database (Rothman et al., 2005) is used for gaseous absorp-
tion coefficients.

A4 Model #3 Oslo-DISORT (G. Myhre)

The Oslo-DISORT code uses the discrete-ordinate method
(DISORT) (Stamnes et al., 1988) specifically designed for
calculations of atmospheric aerosols. The model has a
high number of streams (8), but a low spectral resolution

www.atmos-chem-phys.net/13/2347/2013/ Atmos. Chem. Phys., 13, 2347–2379, 2013
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Fig. A1. Inter-model diversity in UV-VIS and broadband diffuse flux down at the surface for the Rayleigh
atmosphere (Case 1) expressed as a percent deviation from the non-LBL model mean (i.e. the mean from all

models excluding #1, 2, 22 and 23). Note that Models #22–23 are the same as #20-21 in Case 1. As a function

of standard atmosphere and solar zenith angle: (a) downwards UV-VIS at the surface and (b) downwards diffuse
broadband flux. Appendix Figures A2 and A3 show the bias of UV-VIS and broadband diffuse down fluxes

relative to the LBL benchmarks, respectively.

Fig. A5. Broadband diffuse (a–d), broadband direct (e–h), and UV-VIS (direct + diffuse) (i–l) flux
down at the surface in Case 2a (Scattering Aerosols) as a function of atmosphere and solar zenith
angle. LBL results are given as stars; non-LBL models are black circles. The pink shading indicates
±1 standard deviation from the LBL mean. The non-LBL mean is given as the thick black line with1235

± 1 standard deviation indicated by dotted black lines. For UV-VIS fluxes, the absolute model bias
relative to the LBL-mean is given as well as the RSD excluding the LBL models. Green and blue
lines indicate the multi-model averages for the groups described in Table 4 for broadband fluxes;
statistics are given for each group. Group 1 (green) includes Models # 3–14, 19–21, and 30–31;
Group 2 (blue) includes Models #15–18 and 22–29.1240
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Fig. A1. Inter-model diversity in UV-VIS and broadband diffuse flux down at the surface for the Rayleigh atmosphere (Case 1) expressed as
a percent deviation from the non-LBL model mean (i.e. the mean from all models excluding #1, 2, 22 and 23). Note that Models #22–23 are
the same as #20-21 in Case 1. As a function of standard atmosphere and solar zenith angle:(a) downwards UV-VIS at the surface and(b)
downwards diffuse broadband flux. Appendix FiguresA2 andA3 show the bias of UV-VIS and broadband diffuse down fluxes relative to
the LBL benchmarks, respectively.

(4 bands), with the main emphasis on wavelengths below
1.5 µm. The spectral regions are 0.3–0.5 µm, 0.5–0.85 µm,
0.85-1.5 µm, and 1.5–4.0 µm. The absorption by water va-
por and ozone is taken into account by the exponential-sum
fitting method (ESFT, Wiscombe and Evans, 1977). The
number of exponential-sum fitting terms for each spectral re-
gion is two or three. Higher accuracy can be obtained with a
higher number of exponential-sum fitting terms, but this in-
creases the computational time. The GENLN2 line-by-line
model (Edwards, 1992) is used to calculate the transmis-
sion data for water vapor with spectroscopic data from the

HITRAN92 database (Rothman et al., 1992). Cross-sections
for ozone in the ultraviolet and visible region are from
WMO (1985). Oslo-DISORT has been validated against the
GENLN2-DISORT LBL model for various cases for aerosols
with agreement within 10 % (Myhre et. al., 2002).

A5 Model #4 Oslo-2stream (G. Myhre)

2-stream version of Oslo-DISORT (Model #3; see above).

Atmos. Chem. Phys., 13, 2347–2379, 2013 www.atmos-chem-phys.net/13/2347/2013/
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Fig. A2. UV-VIS flux down at the surface in Case 1 (Rayleigh atmosphere) for (a) SAW 30�, (b) SAW 75�,

(c) TROP 30�, and (d) TROP 75�. LBL results are given as stars; non-LBL models are black circles. The pink
shading indicates ±1 standard deviation from the LBL mean. The non-LBL mean is given as the thick black
line with ±1 standard deviation indicated by dotted black lines. The model bias relative to the LBL-mean is
given as well as the relative standard deviation (RSD) excluding (and in parenthesis including) the LBL models.

See Appendix Table A2 for additional statistics.
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Fig. A3. The same as Fig. A2 except for broadband diffuse flux down at the surface in the Rayleigh atmosphere
(Case 1). See Appendix Table A2 for additional statistics.
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Fig. A2. UV-VIS flux down at the surface in Case 1 (Rayleigh atmosphere) for(a) SAW 30◦, (b) SAW 75◦, (c) TROP 30◦, and(d) TROP
75◦. LBL results are given as stars; non-LBL models are black circles. The pink shading indicates±1 standard deviation from the LBL mean.
The non-LBL mean is given as the thick black line with±1 standard deviation indicated by dotted black lines. The model bias relative to the
LBL-mean is given as well as the relative standard deviation (RSD) excluding (and in parenthesis including) the LBL models. See Appendix
TableA2 for additional statistics.

A6 Model #5 UNIVIE-Streamer (D. Neubauer,
R. Hitzenberger)

Streamer (Key and Schweiger, 1998) is a radiative transfer
model employing the discrete-ordinate (DISORT) method
(Stamnes et al., 1988) to solve the radiative transfer equa-
tion. We have modified Streamer to increase the spectral
range for radiative transfer calculations and to include addi-
tional scattering and absorbing gases (Neubauer et al., 2011).
The modified model UNIVIE-Streamer accounts for absorp-
tion by atmospheric gases using exponential fits (Wiscombe
and Evans, 1977) to the LOWTRAN7 (Kneizys et al., 1988)
and LBLRTM (Clough et al., 2005) transmittances. In all
cases 8 streams and 24 unequal spectral intervals in the so-
lar range 0.2–5.0 µm and 10 bands in the UV/visible range
0.2–0.69 µm were used for computing fluxes. Aerosol optical
properties were computed separately using Mie theory for 60
wavelengths (7 in the UV/visible range). Note that the num-
ber of ESFT terms varies between 0 and 30 for each spectral
band and each atmospheric gas.

A7 Model #6 FMI-libRadtran ( J. Huttunen)

The Finnish Meteorological Institute version of libRadtran
(FMI-libRadtran,Mayer and Kylling, 2005) uses 8-streams

and the DISORT2 solver. Delta-M scaling is switched on.
Solar spectral irradiance is taken fromGueymard(2004).

A8 Model #7 LMU-libRadtran ( B. Mayer)

The Ludwig-Maximilians-Universitaet version of libRadtran
(Mayer and Kylling, 2005) uses 6-streams, the discrete-
ordinate method (DISORT2) for calculation of radiative
fluxes, and a plane-parallel atmosphere assumption. Molec-
ular absorption is treated with ak-distribution of 32 bands
(Kato et al., 1999). The shortwave (SW) bands are the sum
of bands 1–32 (240.1–4605.7 nm). The visible (VIS) bands
are the sum of 16 bands (204.1–704.4 nm).

A9 Model #8 GSFC Fu-Liou Radiative Transfer Model
(GSFC-FL; H. Yu)

The Fu-Liou model used by the NASA Goddard Space
Flight Center (GSFC) group is a broadband radiative trans-
fer model with a delta-four-stream approximation (Fu and
Liou, 1992, 1993). The model accounts for solar radia-
tion over 0.2–4.0 µm range with 6 bands. The first band in
the UV-visible (0.2–0.7 µm) is divided into 10 subintervals
where the spectral dependences of O3 absorption and aerosol
optical properties are incorporated explicitly. Absorption
data for H2O, O2, and CO2 are taken from HITRAN82

www.atmos-chem-phys.net/13/2347/2013/ Atmos. Chem. Phys., 13, 2347–2379, 2013
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Fig. A2. UV-VIS flux down at the surface in Case 1 (Rayleigh atmosphere) for (a) SAW 30�, (b) SAW 75�,

(c) TROP 30�, and (d) TROP 75�. LBL results are given as stars; non-LBL models are black circles. The pink
shading indicates ±1 standard deviation from the LBL mean. The non-LBL mean is given as the thick black
line with ±1 standard deviation indicated by dotted black lines. The model bias relative to the LBL-mean is
given as well as the relative standard deviation (RSD) excluding (and in parenthesis including) the LBL models.

See Appendix Table A2 for additional statistics.
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Fig. A3. The same as Fig. A2 except for broadband diffuse flux down at the surface in the Rayleigh atmosphere
(Case 1). See Appendix Table A2 for additional statistics.
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Fig. A3. The same as Fig.A2 except for broadband diffuse flux down at the surface in the Rayleigh atmosphere (Case 1). See Appendix
TableA2 for additional statistics.
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Fig. A4. Inter-model diversity in broadband diffuse and direct flux down at the surface expressed as a percent
deviation from the non-LBL model mean (i.e. µ from all models excluding #1 and 2). As a function of standard

atmosphere and solar zenith angle the broadband diffuse flux down at the surface is given for: (a) Case 2a
(Scattering Aerosols) and (b) Case 2b (Absorbing Aerosols). Corresponding diversity for the broadband direct
flux down at the surface is given for: (c) Case 2a (Scattering Aerosols) and (d) Case 2a (Absorbing Aerosols).
Note that Fig. A4a is the same as Fig. 3.
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Fig. A4. Inter-model diversity in broadband diffuse and direct flux down at the surface expressed as a percent deviation from the non-LBL
model mean (i.e.µ from all models excluding #1 and 2). As a function of standard atmosphere and solar zenith angle the broadband diffuse
flux down at the surface is given for:(a) Case 2a (Scattering Aerosols) and(b) Case 2b (Absorbing Aerosols). Corresponding diversity for
the broadband direct flux down at the surface is given for:(c) Case 2a (Scattering Aerosols) and(d) Case 2a (Absorbing Aerosols). Note that
Fig. A4a is the same as Fig.3.
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(a) Case 2a (Scattering Aerosols): SAW SZA 30

Group 1: Bias = -1.91, RSD = 3.46%

Group 2: Bias = -74.68, RSD = 5.83%

Group 1: Bias = 0.47, RSD = 3.70%

Group 2: Bias = -68.26, RSD = 5.64%

(b) Case 2a (Scattering Aerosols): TROP SZA 30

Group 1: Bias = 2.24, RSD = 5.18%

Group 2: Bias = -30.11, RSD = 3.70%

(c) Case 2a (Scattering Aerosols): SAW SZA 75

Group 1: Bias = 3.93, RSD = 5.36%

Group 2: Bias = -24.54, RSD = 4.36%

(d) Case 2a (Scattering Aerosols): TROP SZA 75

Group 1: Bias = 7.09, RSD = 1.23%

Group 1: Bias = 13.88, RSD = 1.80%

Group 1: Bias = 3.38, RSD = 4.71%

Group 1: Bias = 5.79, RSD = 7.01%

Group 2: Bias = 74.77, RSD = 1.32%

Group 2: Bias = 78.75, RSD = 1.87%

Group 2: Bias = 37.71, RSD = 1.57%

Group 2: Bias = 37.39, RSD = 3.29%

(e) Case 2a (Scattering Aerosols): SAW SZA 30

(f) Case 2a (Scattering Aerosols): TROP SZA 30

(g) Case 2a (Scattering Aerosols): SAW SZA 75

(h) Case 2a (Scattering Aerosols): TROP SZA 75

Bias = -0.36, RSD = 1.17%

Bias = 0.76, RSD = 1.02%

Bias = 2.20, RSD = 2.85%

Bias = 2.95, RSD = 2.69%

(i) Case 2a (Scattering Aerosols): SAW SZA 30

(j) Case 2a (Scattering Aerosols): TROP SZA 30

(k) Case 2a (Scattering Aerosols): SAW SZA 75

(l) Case 2a (Scattering Aerosols): TROP SZA 75

Fig. A5. Please see caption on next page.
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Fig. A5. Broadband diffuse(a–d), broadband direct(e–h), and UV-VIS (direct + diffuse)(i–l) flux down at the surface in Case 2a (Scattering
Aerosols) as a function of atmosphere and solar zenith angle. LBL results are given as stars; non-LBL models are black circles. The pink
shading indicates±1 standard deviation from the LBL mean. The non-LBL mean is given as the thick black line with± 1 standard deviation
indicated by dotted black lines. For UV-VIS fluxes, the absolute model bias relative to the LBL-mean is given as well as the RSD excluding
the LBL models. Green and blue lines indicate the multi-model averages for the groups described in Table4 for broadband fluxes; statistics
are given for each group. Group 1 (green) includes Models # 3–14, 19–21, and 30–31; Group 2 (blue) includes Models #15–18 and 22–29.

(Rothman et al., 1983) and that for O3 are based onHoward
et al.(1961). Rayleigh scattering is parameterized according
to Slingo and Schrecker(1982). For this experiment, a total
of 73 vertical layers are used, with a resolution of 1 km below
25 km and 2 km for altitudes of 26–120 km.

A10 Model #9 Fu-Liou-Gu radiation scheme
(CAR-FLG, F. Zhang)

The Fu-Liou-Gu scheme (Gu et al., 2010, 2011; Liou et
al., 2008) is a modified and improved version based on
the original Fu-Liou scheme (Fu and Liou, 1992, 1993).
The model calculates SW flux in a vertically inhomo-
geneous scattering-absorbing atmosphere using either a

www.atmos-chem-phys.net/13/2347/2013/ Atmos. Chem. Phys., 13, 2347–2379, 2013
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Group 1: Bias = --0.43, RSD = 3.55%

Group 1: Bias = 1.52, RSD = 3.91%

Group 1: Bias = 2.67, RSD = 5.46%

Group 1: Bias = 3.77, RSD = 5.82%

Group 2: Bias = -55.23, RSD = 4.44%

Group 2: Bias = -50.31, RSD = 4.39%

Group 2: Bias = -20.83, RSD = 2.59%

Group 2: Bias = -16.67, RSD = 2.81%

Group 1: Bias = 6.78, RSD = 1.12%

Group 2: Bias = 58.00, RSD = 0.78%

Group 2: Bias = 62.85, RSD = 1.41%

Group 1: Bias = 13.48, RSD = 1.72%

Group 2: Bias = 28.72, RSD = 1.89%

Group 1: Bias = 3.21, RSD = 4.41%

Group 2: Bias = 29.32, RSD = 3.48%

Group 1: Bias = 5.61, RSD = 6.78%

Bias = 0.72, RSD = 1.30%

Bias = 1.73, RSD = 1.10%

Bias = 2.53, RSD = 3.26%

Bias = 3.19, RSD = 3.05%

(a) Case 2b (Absorbing Aerosols): SAW SZA 30 (e) Case 2b (Absorbing Aerosols): SAW SZA 30 (i) Case 2b (Absorbing Aerosols): SAW SZA 30

(b) Case 2b (Absorbing Aerosols): TROP SZA 30 (f) Case 2b (Absorbing Aerosols) TROP SZA 30 (j) Case 2b (Absorbing Aerosols): TROP SZA 30

(c) Case 2b (Absorbing Aerosols): SAW SZA 75 (g) Case 2b (Absorbing Aerosols): SAW SZA 75 (k) Case 2b (Absorbing Aerosols): SAW SZA 75

(d) Case 2b (Absorbing Aerosols): TROP SZA 75 (h) Case 2b (Absorbing Aerosols) TROP SZA 75 (l) Case 2b (Absorbing Aerosols): TROP SZA 75

Fig. A6. The same as Fig. A5 except for Case 2b (Absorbing Aerosols).
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Fig. A6. The same as Fig.A5 except for Case 2b (Absorbing Aerosols).

delta-four-stream approximation or a delta-two-stream (Ed-
dington) approximation. It and accounts for the absorption
of all radiatively important gases using the correlated-k dis-
tribution method (ck-D) fits to the 1982 version of the AFGL
data type (Fu and Liou, 1992) with some updates fits to HI-
TRAN 2000 (Zhang et al., 2005). There are 6 solar bands
with total 54 sub-spectra over 0.2∼4.0 µm. Modeled molecu-
lar absorbers in the solar bands are H2O (including H2O con-
tinuum absorption), O3, CO2, CH4, N2O, CO and O2. Here,
the four-stream method is used for this intercomparison.

A11 Model #10 NASA LaRC Fu-Liou RTM (LaRC-FL;
F. G. Rose, S. Kato)

The NASA Langley (LaRC) Fu-Liou Radiative Transfer
Model is a modified version based on the original Fu-Liou
scheme (Fu and Liou, 1992, 1993). This scheme uses a two-
stream delta-Eddington approximation to calculate short-
wave flux and the correlated-k distribution method (ck-D)
for gas absorption (coefficients based on HITRAN 2000 in-
cluding SW continuum absorption). There are 18 shortwave
bands (10 visible, 8 near-infrared) spanning the wavelength
range 0.17–4.0 µm. The visible to near-IR split is located

Atmos. Chem. Phys., 13, 2347–2379, 2013 www.atmos-chem-phys.net/13/2347/2013/
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Table A2. Case 1: summary of statistics for the Rayleigh atmo-
sphere (excluding only models #22–23)a, b, c

SAW TROP
30◦ SZA 75◦ SZA 30◦ SZA 75◦ SZA

Direct Broadband Downwards Flux at Surface

LBL Avg 942.4 216.2 844.5 179.6
LBL RSD 0.8 % 1.1 % 1.1 % 3.9 %
Model Avg. 947.4 218.8 858.1 186.9
Avg. Bias 0.5 % 1.2 % 1.6 % 4.0 %
Model RSD 0.8 % 2.6 % 1.5 % 4.6 %

Diffuse Broadband Downwards Flux at Surface

LBL Avg 64.4 37.2 64.0 36.8
LBL RSD 0.9 % 1.5 % 0.4 % 0.5 %
Model Avg. 63.6 37.8 64.2 38.0
Avg. Bias −1.2 % 1.6 % 0.3 % 3.3 %
Model RSD 6.9 % 4.7 % 7.3 % 4.3 %

Diffuse Broadband Flux Up at TOA

LBL Avg 227.6 82.6 204.7 75.2
LBL RSD 1.3 % 1.5 % 1.3 % 1.8 %
Model Avg. 230.8 84.0 211.4 78.4
Avg. Bias 1.4 % 1.7 % 3.3 % 4.2 %
Model RSD 1.1 % 1.8 % 2.5 % 3.2 %

Total (Direct + Diffuse) UV-VIS Downwards Flux Down at Surface

LBL Avg 489.2 115.8 489.1 115.7
LBL RSD 0.7 % 1.3 % 0.2 % 0.3 %
Model Avg. 489.1 116.7 490.1 117.4
Avg. Bias 0.0 % 0.8 % 0.2 % 1.5 %
Model RSD 1.1 % 2.6 % 1.0 % 2.4 %

Total near-IR Downwards Flux at Surfaced

LBL Avg 519.1 138.0 421.1 101.1
LBL RSD 0.8 % 1.0 % 2.3 % 6.5 %
Model Avg. 522.9 139.9 432.6 108.2
Avg. Bias 0.7 % 1.4 % 2.7 % 7.0 %
Model RSD 1.9 % 3.9 % 3.8 % 7.5 %

Broadband Absorptancee

LBL Avg 0.134 0.201 0.221 0.307
LBL RSD 7.2 % 6.4 % 2.5 % 5.1 %
Model Avg. 0.126 0.186 0.201 0.273
Avg. Bias −6.1 % −7.6 % −8.8 % −11.1 %
Model RSD 4.9 % 7.6 % 6.2 % 8.9 %

a Flux units W m−2; scaled normalized results as described in the text and Fig.2.
Only Models 22 and 23 are excluded because they are the same as Models 20 and 21
in the Rayleigh atmosphere.
b Line-by-line (LBL) benchmarks (Avg. of Models #1 and #2) and non-LBL model
results.
c Avg. Bias is expressed as a percentage of the LBL Avg. RSD = standard deviation as
a percentage of mean.
d Near-IR is calculated as a difference between broadband and UV-VIS.
e Absorptance (Eq.1) is derived assuming F↑SFC=αF↓

SFC and surface albedoα = 0.2.

at 14 500 cm−1 (0.6896 µm). The code was modified from
the original Fu-Liou code to improve treatment of Rayleigh
scattering and gas absorption. While two-streams were used
for this intercomparison, the code can also be configured for

four-streams and gamma-weighted two-streams. The vertical
resolution was 32 layers, with 1-km resolution in the tropo-
sphere (below 25 km). Between 25 and 65 km, we interpo-
lated online to 5 km vertical resolution using the natural log
of pressure.

A12 Models #11 CAR-RRTMG (F. Zhang) and
#12 RRTMG-SW (L. Oreopoulos, D. Lee)

RRTMG-SW (http://rtweb.aer.com/rrtmframe.html) is a so-
lar radiative transfer model that utilizes the correlated-k (ck-
D) approach to treat gaseous absorption and to calculate
shortwave fluxes and heating rates efficiently and accurately
in a large-scale model environment (Clough et al., 2005; Ia-
cono et al., 2008). Modeled sources of extinction are wa-
ter vapor, carbon dioxide, ozone, methane, oxygen, nitrogen,
aerosols, clouds, and Rayleigh scattering. The solar spec-
trum, 0.2–12 µm, is divided into 14 bands and spectral ex-
tinction integration within each band is accomplished using
a variable number of g-points that add to 112 g-points for
the entire solar spectrum. Absorption coefficient data forck-
D are obtained directly from the line-by-line radiative trans-
fer model, LBLRTM, which has been extensively validated
against observations, principally at the ARM SGP site. Scat-
tering is treated using the delta-Eddington flavor (Joseph
et al., 1976) of the two-stream approximation (Meador and
Weaver, 1980; Oreopoulos and Barker, 1999).

The last solar band 820–2600 cm−1 is coded out of se-
quence to preserve spectral continuity with the longwave
bands. For the visible/UV calculations of this paper the nor-
malized fluxes either included band 9 (12 850–16 000 cm−1

or 0.625–0.778 µm) or were only integrated up to 0.625µm;
contributors Oreopoulos and Lee (Model #12) provide results
for both, which are averaged in the intercomparison.

A13 Model #13 LMU-2stream (B. Mayer)

This is a version of libRadtran that uses a two-stream delta-
Eddington radiative transfer solver rather than DISORT.
Gaseous transmission is the same as in LMU-libRadtran
(Model #7).

A14 Model #14 MPI-2stream (S. Kinne)

The Max Plank Institute for Meteorology model computes
radiative fluxes with a two-stream method (e.g.,Meador and
Weaver, 1980) for the solar and infrared spectral region. This
necessitates repeated applications (ca. 120 times) to properly
approximate the spectral variability of atmospheric particle
properties (via 8 solar and 12 infrared spectral sub-bands)
and of major trace-gases (O3, CO2, CO, N2O, and CH4 –
through a number of exponential terms in each of the sub-
bands). The trace gas absorption (including water vapor) in
the near-IR is based on LOWTRAN-5 data and ozone ab-
sorption data are based onVigroux (1953). Trace-gases were
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Table A3. Case 2a: summary statistics for scattering aerosolsa,b,c

SAW SAW TROP TROP
30◦ SZA 75◦ SZA 30◦ SZA 75◦ SZA

Total (Direct + Diffuse) Brodband Flux Donwards at Surface

LBL Avg. 994.6 226.5 896.0 192.8
LBL RSD 0.7 % 0.9 % 1.1 % 3.6 %
Model Avg. 996.9 (997.7) 232.6 (233.0) 906.1 (908.7) 202.7 (203.8)
Avg. Bias 0.2 % (0.3 %) 2.7 % (2.8 %) 1.1 % (1.4 %) 5.1 % (5.7 %)
Model RSD 0.8 % (0.9 %) 1.5 % (2.3 %) 1.0 % (1.6 %) 2.2 % (3.9 %)

Diffuse Broadband Flux Upwards at TOA

LBL Avg. 236.3 102.9 212.9 93.2
LBL RSD 1.4 % 1.8 % 1.2 % 1.8 %
Model Avg. 240.2 (240.5) 102.8 (102.7) 219.3 (220.6) 95.0 (95.4)
Avg. Bias 1.7 % (1.8 %) -0.1 % (-0.2 %) 3.0 % (3.6 %) 1.9 % ( 2.3 %)
Model RSD 1.3 % (1.2 %) 3.1 % (2.9 %) 1.7 % (2.3 %) 2.8 % (3.3 %)

Total UV-VIS Downwards Flux at Surface

LBL Avg. 480.6 101.5 480.2 101.5
LBL RSD 0.7 % 1.1 % 0.1 % 0.5 %
Model Avg. 480.4 (480.2) 103.7 (103.8) 481.3 (481.0) 104.4 (104.5)
Avg. Bias 0.0 % (-0.1 %) 2.1 % (2.2 %) 0.2 % (0.2 %) 2.8 % ( 2.9 %)
Model RSD 1.1 % (1.2 %) 3.0 % (2.9 %) 1.0 % (1.0 %) 2.8 % (2.7 %)

Total Near-IR Downwards Flux at Surfaced

LBL Avg. 515.7 125.3 417.3 91.6
LBL RSD 0.8 % 0.6 % 2.4 % 7.0 %
Model Avg. 517.3 (518.6) 129.0 (129.3) 425.0 (428.4) 98.9 (100.0)
Avg. Bias 0.3 % ( 0.6 %) 2.9 % (3.2 %) 1.8 % (2.6 %) 8.0 % (9.2 %)
Model RSD 2.0 % ( 2.0 %) 2.5 % (3.7 %) 3.1 % (3.7 %) 3.8 % (7.2 %)

a Flux units W m−2; scaled normalized results as described in the text and Fig.2.
b Line-by-line (LBL) benchmarks (Avg. of Models #1 and #2) and non-LBL
model results. As in Case 1, we exclude Models # 14, 25, 27, 30, and 31 for the
model statistics; in parenthesis all models are considered.
c Avg. Bias is expressed as a percentage of the LBL Avg. RSD = standard deviation
as a percentage of mean.
d Near-IR is derived as a difference between broadband and UV-VIS.

interpolated to the model resolution in the vertical using the
log of pressure.

A15 Modle #15 GSFC radiation scheme (CAR-GSFC,
F. Zhang)

The NASA GSFC radiation scheme includes the absorption
due to water vapor, O3, O2, CO2, clouds, and aerosols. In-
teractions among the absorption and scattering by clouds,
aerosols, molecules (Rayleigh scattering), and the surface are
fully taken into account. There are total 11 SW bands with
38 sub-spectra from 0.175 µm to 10 µm (Chou and Suarez,
1999). Depending upon the nature of absorption, different
approaches are applied to different absorbers. In the ultra-
violet (UV) and photosynthetically active (PAR) region, the
spectrum is divided into 8 bands, and a single O3 absorp-
tion coefficient and Rayleigh scattering coefficient are used

for each band. In the infrared, the spectrum is divided into 3
bands, and thek-distribution method is applied with ten ab-
sorption coefficients used in each band. The flux reduction
due to O2 is derived from a simple function, while the flux
reduction due to CO2 is derived from precomputed tables.
Reflection and transmission of a cloud and aerosol-laden
layer are computed using the delta-Eddington approxima-
tion. Fluxes are then computed using the two-stream adding
approximation. A special feature of this model is that absorp-
tion due to a number of minor absorption bands is included.
Individually the absorption in those minor bands is small,
but collectively the effect is large,∼10 % of the atmospheric
heating.
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Table A4. Case 2b: summary of statistics for absorbing serosolsa,b,c

SAW SAW TROP TROP
30◦ SZA 75◦ SZA 30◦ SZA 75◦ SZA

Total (Direct + Diffuse) Brodband Flux Donwards at Surface

LBL Avg. 954.1 206.2 857.7 174.5
LBL RSD 0.8 % 0.8 % 1.1 % 3.8 %
Model Avg. 958.2 (959.0) 212.6 (212.9) 869.2 (871.7) 184.4 (185.2)
Avg. Bias 0.4 % (0.5 %) 3.1 % (3.3 %) 1.3 % (1.6 %) 5.7 % (6.2 %)
Model RSD 0.8 % (0.9 %) 1.4 % (2.4 %) 1.0 % (1.6 %) 2.3 % (4.1 %)

Diffuse Broadband Flux at Upwards at TOA

LBL Avg. 216.1 89.8 194.4 81.7
LBL RSD 1.4 % 1.3 % 1.3 % 2.1 %
Model Avg. 220.0 (220.4) 90.6 (90.5) 200.5 (201.8) 83.9 (84.3)
Avg. Bias 1.8 % (2.0 %) 0.9 % (0.8 %) 3.1 % (3.8 %) 2.8 % (3.3 %)
Model RSD 1.3 % (1.3 %) 2.8 % (2.6 %) 1.7 % (2.5 %) 2.6 % (3.2 %)

Total UV-VIS Downwards Flux at Surface

LBL Avg. 452.4 89.0 452.0 89.0
LBL RSD 0.7 % 1.1 % 0.2 % 0.5 %
Model Avg. 453.4 (453.1) 91.5 (91.5) 454.1 (453.4) 92.1 (92.2)
Avg. Bias 0.2 % (0.2 %) 2.8 % (2.9 %) 0.5 % (0.4 %) 3.5 % (3.6 %)
Model RSD 1.3 % (1.3 %) 3.4 % (3.3 %) 1.1 % (1.1 %) 3.1 % (3.1 %)

Total Near-IR Downwards Flux at Surfaced

LBL Avg. 503.2 117.5 407.2 85.8
LBL RSD 0.8 % 0.5 % 2.4 % 7.1 %
Model Avg. 505.8 (507.0) 121.3 (121.5) 415.3 (418.6) 92.9 (93.6)
Avg. Bias 0.5 % (0.7 %) 3.2 % (3.4 %) 2.0 % (2.8 %) 8.3 % (9.2 %)
Model RSD 2.0 % (1.9 %) 2.4 % (3.7 %) 3.0 % (3.7 %) 3.8 % (7.0 %)

a Flux units W m−2; scaled normalized results as described in the text and Fig.2.
b Line-by-line (LBL) benchmarks (Avg. of Models #1 and #2) and non-LBL model results.
We exclude Models # 14, 25, 27, 30, and 31 for the model statistics; in parenthesis all models are
considered.
c Avg. Bias is expressed as a percentage of the LBL Avg. RSD = standard deviation as a percentage of
mean.
d Near-IR is derived as a difference between broadband and UV-VIS.

A16 Model #16 Beijing Climate Center (BCC-RAD;
H. Zhang, P. Lu)

The Beijing Climate Center radiation transfer model (BCC-
RAD) uses the correlatedk-distribution (ck-D) algorithm
adopted byZhang et al.(2003, 2006a,b) and the 2-stream Ed-
dington algorithm of radiative transfer. The 10–49 000 cm−1

spectral range (0.204–1000 µm) is divided into 17 bands (8
longwave and 9 shortwave). Eight major GHGs including
H2O, CO2, O3, N2O, CH4, and Chlorofluorocarbons (CFCs)
are considered. The HITRAN2000 database (Rothman et al.,
2003) was used to give line parameters and cross sections;
CKD 2.4 (Zhang et al., 2003) generated continuum absorp-
tion coefficients due to water vapor, CO2, O3, and O2. The ef-
fective absorption coefficients ofck-D were calculated based
on LBLRTM (Clough and Iacono, 1995) with a spectral in-
terval of 1/4 of the mean spectral line half-width and with

a 25 cm−1 cutoff for line wings over each band (Clough et
al., 1992; Clough and Iacono, 1995). Modeled molecular ab-
sorbers in the solar bands are H2O (including continuum ab-
sorption), O3 and O2. Nominally, cloud optical properties are
fromNakajima et al.(2000) and aerosol optical properties are
calculated byWei and Zhang(2011) andZhang et al.(2012).

A17 Model #17 CCCMA radiation scheme
(CAR-CCCMA, F. Zhang)

The Canadian Climate Center radiation scheme calculates
SW flux in a vertically inhomogeneous scattering-absorbing
atmosphere using a delta-Eddington approximation and
adding method (Li et al., 2005). It accounts for the absorp-
tion of all radiatively important gases using the correlated
k-distribution method (ck-D) with fits to the HITRAN 96 (Li
and Barker, 2005). There are 4 solar bands with a total of 35
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Table A5. Synergy across Aerocom Phase II Aerosol Radiative Forcing Experiments∗

Model # Radiative Transfer Experiment Aerocom Prescribed Aerocom Direct RF
this work (Stier et el., 2012) (Myhre et al., 2013)

3 Oslo-DISORT OsloCTM2 OsloCTM2
11 CAR-RRTMG CAM-PNNL and GEOS-CHEM CAM5.1 and GEOS-CHEM
12 RRTMG-SW CAM-PNNL and GEOS-CHEM CAM5.1 and GEOS-CHEM
14 MPI-2stream MPI-2stream –
15 CAR-GSFC GOCART GEOS-4 and GOCART MERRA GOCART and GMI
16 BCC-RAD – BCC
18 ECHAM5.5 ECHAM-HAM2 ECHAM5-HAM
24 UKMO-HadGEM2 HadGEM2-ES HadGEM2

∗ Radiation scheme, Model #, and name from this work and corresponding model names inStier et el.(2012) andMyhre et al.(2013) which use the same or
similar radiation schemes.

sub-spectra for pressure layers> 1 mb or 40 sub-spectra for
pressure layers< 1 mb over the range 0.2∼4.0 µm. Modeled
molecular absorbers in the solar bands are H2O, O3, CO2,
and O2. This model contains a proper treatment of spectral
overlap between solar and infrared radiation. The effect of
the additional solar energy (∼12 W m−2 in 0–2500 cm−1) is
also included simply by imposing this energy onto the in-
frared downward flux for the appropriate infrared bands (Li
and Barker, 2005). A new parameterization for the effects of
atmospheric spherical curvature and refraction and their im-
pact on radiative transfer has been incorporated (Li and Shi-
bata, 2006). This rigorous scheme enables variations in both
the path length and the gaseous amount along a solar direct
beam. These variations can then be accurately evaluated in
the radiative transfer process, and we find better results in
flux and heating rates when compared to other parameteriza-
tions.

A18 Model #18 ECHAM5.5 (J. Quaas, S. Kinne, P. Stier)

The ECHAM5.5 general circulation model (Roeckner et al.,
2003) used in several contributions to the AeroCom project
applies a solar radiative transfer scheme based onFouquart
and Bonnel(1980). In a two-stream approximation, scatter-
ing and absorption by molecules and aerosols are taken into
account. Since the update byCagnazzo et al.(2007), six
bands are used, with intervals between 0.185 µm, 0.25 µm,
0.44 µm, 0.69 µm, 1.19 µm, 2.38 µm and 4.0 µm. The range
0.185–0.69 µm is considered the visible range, the range
0.69–4.0 µm, the near-infrared. We use the off-line radiation
code extracted byKlocke et al.(2011) and take into account
the effects of water vapor, ozone, methane and N2O from
the prescribed profiles, as well as of carbon dioxide with a
constant mixing ratio of 348 ppmv. Carbon monoxide is not
considered in the radiation, and the mixing ratios of chlo-
roflourocarbons are set to zero.

The configuration is considered as an open ocean surface,
and the vertical resolution is chosen as in the input files,
where the boundary of the lowest surface is set to 0 km, and

the layer-mean values are the averages of the layer inter-
faces. The uppermost layer-mean values are considered the
same as at its lower boundary, with the temperature at the
upper boundary as at the lower one, the pressure at the upper
boundary 0 hPa, and the layer-mean pressure half the pres-
sure at the lower boundary. For the aerosols, theÅngstr̈om
exponent is used to extrapolate the 550 nm optical depth to
the other bands considering the band-average wavelength.
The single-scattering albedo is assumed spectrally constant.

A19 Model #19 UMD-SRB (Y. Ma and R. T. Pinker)

The radiative transfer model used in the prescribed tests is
part of the University of Maryland Surface Radiative Bud-
get (UMD-SRB) module for satellite retrieval of shortwave
(SW) fluxes. It calculates broadband SW fluxes in a plane-
parallel, vertically inhomogeneous, scattering and absorbing
atmosphere. The model accounts for (1) absorption by wa-
ter vapor and ozone; (2) Rayleigh scattering; (3) scattering
and absorption by aerosols and cloud droplets; and (4) mul-
tiple reflection between the atmosphere and surface. Radia-
tive transfer is dealt with the delta-Eddington approxima-
tion. In the prescribed AeroCom experiments, SW fluxes are
computed in 7 broadband intervals (0.2–0.4, 0.4–0.5, 0.5–
0.6, 0.6–0.7, 0.7–1.19, 1.19–2.38 and 2.38–4.00 µm). Water
vapor absorption is accounted for in the 0.7–4.0 µm spec-
tral interval; ozone is accounted for in the 0.2–0.4 µm (UV)
and in 0.5–0.6 µm (VIS) spectral intervals. For water va-
por and water vapor continuum, we use thek-distribution
method proposed byChou and Lee(1996) and further ad-
vanced byTarasova and Fomin(2000). Reference transmis-
sion database is HITRAN96. Ozone parameterization fol-
lowsLacis and Hansen(1974). The model is configured with
variable number of layers (>31), depending on presence of
aerosol and/or clouds. More details can be found inWang and
Pinker(2009). For this study 1 km resolution was used below
25 km; above this level, the vertical resolution for ozone and
water vapor profiles is 5 km.
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A20 Models #20-23 University of Reading Edwards and
Slingo (ES96,E. Highwood, C. Ryder,
B. Harris)

The Edwards and Slingo radiation scheme (ES96) is a flex-
ible radiative transfer model as described byEdwards and
Slingo (1996) with updates fromWalters et al.(2011). Re-
sults using the offline version released by the Met Office on
21 December 2009 are presented using a two stream practical
improved flux method (PIFM,Zdunkowski et al., 1980). The
user is able to define the number of spectral bands and model
vertical levels. The spectral resolution is set by an external
spectral file. The user is able to use (and adjust) spectral files
supplied with the code, or create new versions. Here we pro-
vide results using standard supplied versions of spectral files
with either 6 or 220 spectral bands covering wavelengths of
0.2 to 10 microns. The spectral file supplies details of atmo-
spheric radiative properties such as gaseous absorption which
may differ between spectral files. Therefore each subsequent
description of ES96 makes reference to a specific spectral file
and differences therein.

Water vapor terms are updated based on the HITRAN
2001 database (Rothman et al., 2003) for gaseous absorption
coefficients, with updates up to 2003. For all other gases ab-
sorption is based on HITRAN92. Gaseous absorption is rep-
resented according toCusack et al.(1999) using a correlated-
k method.

ES96 allows the user to select whether delta-rescaling
is implemented for particle scattering (ES96-D). Delta-
rescaling provides more accurate total flux measurements at
the expense of the partitioning between the direct and diffuse
fluxes since delta-rescaling effectively increases the flux in
the direct beam to account for strong forward aerosol scatter-
ing.

Results are presented using ES96 with 6 and 220 spectral
bands (Model #20 ES96-6 and Model #21 ES96-220), using
the spectral files “spsw hadgem13r” and “spsw 220 r”,
respectively. Aerosol properties in the spectral files are ad-
justed to represent AeroCom protocol requirements. Particle
scattering is presented both for cases where no delta rescaling
is included (model #20 ES96-6 and model #21 ES96-220)
and where delta rescaling is included (model #22 ES96-6-D
and model #23 ES96-220-D).

Absorption due to CO2 and O2 concentrations are set to
0.579 g kg−1 and 231 g kg−1 which are constant with alti-
tude, absorption due to H20 and O3, are included as pre-
scribed by AeroCom. N2O and CH4 are included from the
AFGL standard atmospheres in the 220 band cases (ES96-
220) but are excluded in the 6 band cases (ES96-6). CO is
not included.

A21 Model #24 UKMO HadGEM2 GCM
(S. T. Rumbold)

The online radiation code in HadGEM2 is consistent with the
offline version of ES96 by design and is maintained as such
at the UK Met Office (UKMO). A description of the online
implementation can be found inMartin et al.(2011). For the
UKMO-HadGEM2 contribution to this intercomparison, the
offline code is used and is configured in an identical manner
to that of the HadGEM2 online radiation. This configuration
is as in ES96-6-D (Model #22), but with vertical profiles of
gases interpolated to mid-levels linearly in the logarithm of
pressure. All AeroCom prescribed gases are used apart from
N2O, CO and CH4 as they are not included in the shortwave
part of the online radiation scheme. Where needed, aerosol
was prescribed at constant mass mixing ratio in the two lower
most model layers (zero elsewhere) to achieve the correct
optical depth.

A22 Model #25 CAWCR radiation scheme
(CAR-CAWCR, F. Zhang)

The Center for Australian Weather and Climate Research
(CAWCR) Sun-Edwards-Slingo radiation scheme (SES2) is
a model used in numerical weather prediction (NWP) and
climate models (Sun and Rikus, 1999; Sun, 2008) and is
based on theEdwards and Slingo(1996) radiation scheme.
The model calculates SW flux in a vertically inhomogeneous
scattering-absorbing atmosphere using a delta-two-stream al-
gorithm, and accounts for the absorption of all radiatively im-
portant gases using the exponential sum fitting transmission
method (ESFT). The line-by-line radiative transfer model
(GENLN2) (Edwards, 1992) provides the absorption coef-
ficients for the ESFT method. The accuracy of these ab-
sorption coefficients has been established by comparison of
GENLN2 with other line-by-line models such as LBLRTM
(Clough et al., 1992) and measurements from ARM (Stokes
and Schwartz, 1994). Modeled molecular absorbers in the so-
lar bands are H2O (including continuum effects), O3, CO2,
CH4, N2O, and O2. There are 9 solar bands with total 27
sub-spectra over 0.2∼5.0 µm. The radiation code has two
novel features: one is the flexible spectral resolution of the
code, and the second is that the same spectral framework for
both the longwave and shortwave components. This makes
the code easy to maintain and develop. In this scheme, the
effect of the additional solar energy (about 12 Wm−2 in 0–
2500 cm−1) is also included simply by imposing this energy
onto the infrared downward flux for the appropriate infrared
bands (Li and Barker, 2005).

A23 Model #26 CAM radiation scheme (CAR-CAM,
F. Zhang)

The NCAR CAM model (Collins et al., 2004) calculates
SW flux in a vertically inhomogeneous scattering-absorbing
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atmosphere using a delta-two-stream algorithm. The solar
spectrum is divided into 19 discrete spectral and pseudo-
spectral intervals: 7 for O3, 1 for the visible, 7 for H2O
including water-vapor continuum, 3 for CO2, and 1 for the
near-infrared followingCollins (1998). The solar absorption
by water vapor between 1000 and 18 000 cm−1 is treated us-
ing seven pseudo-spectral intervals with a constant specific
extinction specified for each interval. These extinctions have
been adjusted to minimize errors in heating rates and flux di-
vergences relative to line-by-line (LBL) calculations for ref-
erence atmospheres (Anderson et al., 1986) using GENLN3
(Edwards, 1992) combined with the radiative transfer solver
DISORT2 (Stamnes et al., 1988). This parameterization is es-
sentially an exponential sum fit (e.g.,Wiscombe and Evans,
1977). LBL calculations are performed with the HITRAN
2000 line database (Rothman et al., 2003) and the Clough,
Kneizys, and Davies (CKD) model version 2.4.1 (Clough et
al., 1989). The Rayleigh scattering optical depths in the seven
pseudo-spectral intervals have been changed for consistency
with LBL calculations of the variation of water-vapor absorp-
tion with wavelength. Modeled molecular absorbers in the
solar bands are H2O (including continuum absorption), CO2,
and O3.

A24 Modle #27 ULAQ (G. Pitari, G. Di Genova)

The University of L’Aquila radiative transfer module, operat-
ing on-line in the climate-chemistry coupled model ULAQ-
CCM, is a two-stream delta-Eddington approximation model
(Toon et al., 1989) used for chemical species photolysis rate
calculation in UV-visible wavelengths and for solar heating
rates and radiative forcing in UV-VIS-NIR bands. Species
cross sections are updated usingJPL (2011) recommenda-
tions from the MPI-MAINZ database, while water vapor
absorption data are derived from HITRAN92. Schumann-
Runge bands are treated following the parameterization of
Minschwaner et al.(1993) based on (fixed-T) ODF formula-
tion. Diurnal averages are calculated with a 5 point Gaussian
quadrature.

Top-of-atmosphere solar fluxes are taken from SUSIM-
SL2 and LOWTRAN7 and are carefully integrated on the
wavelength bins used in the model: they are in total 150 in
the UV and visible range and 100 in the NIR, covering the
solar spectrum from Lyman-alpha up to 7 µm. Sun-earth dis-
tance is calculated daily as a function of orbit eccentricity and
the solar cycle is included. Sphericity is treated by means of
Chapman functions (Dahlback and Stames, 1991). Refrac-
tion is taken into account with an iterated ray-tracing tech-
nique in a simple exponential refraction model.

Absorption/scattering optical depths take into account
Rayleigh scattering, absorption from O3, O2, NO2, SO2,
H2O, CO2 and scattering/absorption from aerosol particles.
Aerosol extinction values are passed daily from the ULAQ-
CCM aerosol module to the radiative transfer module, with
appropriate wavelength-dependent values of Q-ext,g, and

single scattering albedo, given the calculated size distribu-
tion of the particles. Surface albedo is nominally taken from
MERRA 2D hourly averaged data.

The native vertical resolution of our model is 570 m. For
this study, we linearly interpolate both AFGL O3 and H2O
concentrations to this higher resolution using the calculated
column values on the AFGL vertical grid as a constraint for
both species (i.e. the calculated vertical columns after inter-
polation are re-normalized to the original values).

A25 Model #28 FORTH (I. Vardavas,
N. Hatzianstassiou, C. Matsoukas)

The incoming solar irradiance conforms to the spectral pro-
file of Gueymard(2004). The model apportions 69.48 % of
the incoming spectral irradiance to the ultra violet-visible-
near infrared (UV-Vis-NIR) part (0.20–1 µm) and 30.52 % to
the near infrared-infrared (NIR-IR) part (1–10 µm). The ra-
diative transfer equations are solved for 118 separate wave-
lengths for the UV-Vis-NIR part and for 10 bands for the
NIR-IR part, using the delta-Eddington method as modi-
fied by Joseph et al.(1976). For a more detailed model
description the reader is referred toHatzianastassiou et
al. (2004a,b, 2007a); Hatzianastassiou et a.(2007b) and
Vardavas and Taylor(2007). The model takes into ac-
count clouds, Rayleigh scattering due to atmospheric gas
molecules, absorption from O3, O2, CO2, H2O, and CH4,
and scattering and absorption due to aerosols. The model out-
put includes downwelling and upwelling fluxes at the top of
atmosphere, at the surface and at any atmospheric height.
For this study we interpolated the AFGL water-vapor and
ozone profiles to our model vertical resolution linearly in
log(pressure)-log(gas concentration) space.

A26 Model #29 GFDL radiation scheme (CAR-GFDL,
F. Zhang)

The NOAA GFDL radiation scheme (Freidenreich and Ra-
maswamy, 1999) uses the exponential-sum-fit technique
(ESFT) to develop the parameterization of water vapor trans-
mission in the main absorbing bands. An absorptivity ap-
proach is used to represent the heating contributions by
CO2 and O2, and a spectral averaging of the continuum-
like properties is used to represent the O3 heating. Spec-
tral line data for H2O, CO2, O3, CH4 and N2O are now
based on the HITRAN92 catalog (Rothman et al., 1992).
The delta-Eddington method is used to solve for the reflec-
tion and transmission, while the “adding” method is used to
combine the layers. The single-scattering properties can ac-
count for all types of scattering and absorbing constituents
(molecules, drops, ice particles, and aerosols), given their
respective single-scattering properties and mass concentra-
tions. There are 18 solar bands with total 38 sub-spectra over
0.173∼20.0 µm.
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A27 Model #30 MPI-MOM ( S. Kinne)

The Max Plank Institute for Meteorology MPI-MOM
scheme combines the matrix-operator (Plass et al., 1973) and
adding doubling method. The method was prepared for at-
mospheric broadband sold radiative transfer calculation by
Grassl(1978). The trace gas absorption (including water va-
por) in the near-IR is based on LOWTRAN-5 data and ozone
absorption data are based onVigroux (1953). Trace-gases
were interpolated to the model resolution in the vertical using
the log of pressure.

A28 Model #31 Matrix-Operator Model (MOMO;
J. Fischer, L. Doppler)

MOMO is a radiation transfer code for radiance and irradi-
ance computations in the ocean and atmosphere (Fell and
Fischer, 2001; Fischer and Grassl, 1984). Its spectral range
is 0.2–100 µm. MOMO combines the matrix-operator (Plass
et al., 1973) and adding doubling method. The gas trans-
mission is computed using a code CGASA, derived from
XTRA (Rathke and Fischer, 2000). CGASA combines the
water-vapor continuum model ofClough et al.(1992) with
Voigt line computations. Line properties are taken from the
HITRAN-2008 spectral database (Rothman et al., 2009). A
k-distribution method is used, followingBennartz and Fis-
cher (2000). This k-distribution is exact (we do not make
the correlated approximation). For this study, we computed
MOMO simulations within 55 UV bands and 12 VIS bands,
in order to consider the high variation of Rayleigh optical
depth. 30 bands have been defined to model the near-IR radi-
ation. 3000 k-intervals have been needed to model water va-
por, ozone and mixed gas absorption lines with accuracy. The
vertical resolution was 1 km from 0 to 26 km and 2 km from
26 to 100 km. Within aerosols layers, the adding-doubling
method divided the layers in 2n sub-layers in order to con-
sider multi-scattering.
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Chýlek, P. and Coakley, J. A.: Aerosols and Climate, Science, 183,
75–77, 1974.

Clough, S. A. and Iacono, M. J.: Line-by-line calculation of atmo-
spheric fluxes and cooling rates 2. Application to carbon dioxide,

www.atmos-chem-phys.net/13/2347/2013/ Atmos. Chem. Phys., 13, 2347–2379, 2013

http://dx.doi.org/10.1029/2005GL023644
http://dx.doi.org/10.5194/acp-7-2503-2007


2376 C. A. Randles et al.: AeroCom Radiative Transfer Experiment

ozone, methane, nitrous oxide and the halocarbons, J. Geophys.
Res., 100, 16519–16535, 1995.

Clough, S. A., Kneizys, F. X., and Davies, R. W.: Line shape and
the water vapor continuum, Atmos. Res., 23, 229–241, 1989.

Clough, S. A., Iacono, M. J., and J. L. Moncet: Line-by-line cal-
culations of atmospheric fluxes and cooling rates: Application to
water vapor. J. Geophys. Res., 97, 15761-15785, 1992.

Clough, S. A., Shephard, M. W., Mlawer, E. J., Delamere, J. S.,
Iacono, M. J., Cady-Pereira, K., Boukabara, S., and Brown, P.
D.: Atmospheric radiative transfer modeling: a summary of the
AER codes. J. Quant. Spectrosc. Radiat. Transf., 91, 233–244,
doi:10.1016/j.jqsrt.2004.05.058, 2005.

Collins, W. D.: A global signature of enhanced shortwave absorp-
tion by clouds, J. Geophys. Res., 103, 31669–31679, 1998.

Collins, W. D., Rasch, P. J., Boville, B. A., Hack, J. J., McCaa, J.
R., Williamson, D. L., Kiehl, J. T., Briegleb, B., Bitz, C., Lin,
S.-J., Zhang, M., and Dai, Y.: Description of the NCAR Com-
munity Atmosphere Model (CAM 3.0), NCAR Technical Note,
NCAR/TN-464+STR, 226 pp., 2004.

Cusack, S., Edwards, J., and Crowther, J.: Investigating k dis-
tribution methods for paramterizing gaseous absorption in the
Hadley Centre Climate Model, J. Geophys. Res., 104, 2051–
2057,doi:10.1029/1998JD200063, 1999.

Dahlback, A. and Stamnes, K.: A new spherical model for com-
puting the radiation field available for photolysis and heating at
twilight, Planet. Space Sci., 39, 671–683, 1991.

Edwards, D. P.: GENLN2: A general line-by-line atmospheric
transmittance and radiance model. Technical Report NCAR/TN-
367+STR, NCAR, P.O. Box 3000, Boulder, Colorado, 80307–
3000, 147 pp., 1992.

Edwards, J. M. and Slingo, A.: Studies with a flexible new radiation
code. I: Choosing a configuration for a large-scale model, Q. J.
Roy. Meteor. Soc., 122, 689–719, 1996.

Fell, F. and Fischer, J.: Numerical simulation of the light field in the
atmosphere–ocean system using the matrix-operator method, J.
Quant. Spectrosc. Radiat. Transf., 69, 351–388, 2001.

Fischer, J. and Grassl, H.: Radiative transfer in an atmosphere-
ocean system: an azimuthally dependent matrix-operator ap-
proach. Appl. Opt., 23, 1032–1039, 1984.

Forster, P., Ramaswamy, V., Artaxo, P., Berntsen, T., Betts, R., Fa-
hey, D. W., Haywood, J., Lowe, J., Myhre, G., Nganga, J., Prinn,
R., Raga, G., Schulz, M., and Dorland, R. V.: Climate Change
2007: The Physical Science Basis: Contribution of Working
Group I to the Fourth Assessment Report of the Intergovernmen-
tal Panel on Climate Change, Chap. Changes in Atmospheric
Constituents and in Radiative Forcing, Cambridge University
Press, Cambridge, UK and New York, NY, USA, 2007.

Forster, P. M., V. I. Fomichev, E. Rozanov, C. Cagnazzo, A. I.
Jonsson, U. Langematz, B. Fomin, M. J. Iacono, B. Mayer, E.
Mlawer, G. Myhre, R. W. Portmann, H. Akiyoshi, V. Falaleeva,
N. Gillett, A. Karpechko, J. Li, P. Lemennais, O. Morgenstern,
S. Oberl̈ander, M. Sigmond, and K. Shibata: Evaluation of ra-
diation scheme performance within chemistry climate models, J.
Geophys. Res., 116, D10302,doi:10.1029/2010JD015361, 2011.

Fouquart, Y. and Bonnel, B.: Computations of solar heating of the
Earth’s atmosphere: A new parameterization, Beitr. Phys. At-
mos., 53, 35–62, 1980.

Fouquart, Y., Bonnel, B., and Ramaswamy, V.: Intercomparing
shortwave radiation codes for climate studies, J. Geophys. Res.,

96, 8955–8968, 1991.
Freidenreich, S. M. and Ramaswamy, V.: A new multiple-band so-

lar radiative parameterization for general circulation models. J.
Geophy. Res., 104, 31389–31409, 1999.

Fu, Q. and Liou, K. N.: On the correlated k-distribution method
for radiative transfer in nonhomogeneous atmospheres. J. Atmos.
Sci., 49, 2139–2156, 1992.

Fu, Q. and Liou, K. N.: Parameterization of the radiative properties
of cirrus clouds, J. Atmos. Sci., 50, 2008–2025, 1993.

Gu, Y., Liou, K. N., Chen, W., and Liao, H.: Direct climate effect of
black carbon in China and its impact on dust storms, J. Geophys.
Res., 115, D00K14,doi:10.1029/2009JD01342, 2010.

Gu, Y., Liou, K. N., Ou, S. C., and Fovell, R.: Cirrus cloud sim-
ulations using WRF with improved radiation parameterization
and increased vertical resolution. J. Geophys. Res., 116, D06119,
doi:10.1029/2010JD014574, 2011.

Gueymard, C. A.: The sun’s total and spectral irradiance for solar
energy applications and solar radiation models, Sol. Energy, 76,
423–453, 2004.

Grassl, H.: Strahlung in getrübten Atmospḧaren und in Wolken,
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jansson, J. E., Krol, M., Lauer, A., Lamarque, J. F., Liu, X., Mon-
tanaro, V., Myhre, G., Penner, J., Pitari, G., Reddy, S., Seland,
Ø., Stier, P., Takemura, T., and Tie, X.: Analysis and quantifica-
tion of the diversities of aerosol life cycles within AeroCom, At-
mos. Chem. Phys., 6, 1777–1813,doi:10.5194/acp-6-1777-2006,
2006.

Textor, C., Schulz, M., Guibert, S., Kinne, S., Balkanski, Y., Bauer,
S., Berntsen, T., Berglen, T., Boucher, O., Chin, M., Dentener,
F., Diehl, T., Feichter, J., Fillmore, D., Ginoux, P., Gong, S.,
Grini, A., Hendricks, J., Horowitz, L., Huang, P., Isaksen, I. S.
A., Iversen, T., Kloster, S., Koch, D., Kirkevåg, A., Kristjans-
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