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• Assess solar radiative transfer schemes in AeroCom models

• Update to Halthore et al. [2005].

• Inter-compare solar radiative transfer schemes without 
aerosols or clouds given standard atmospheres (H2O and O3) 
and surface albedo.
• Inter-compare aerosol radiative forcing for prescribed aerosol 
optical properties (scattering and more absorbing aerosols) and 
no clouds with standard atmospheres and surface albedo.

Motivation

Intercomparison of shortwave radiative transfer codes and

measurements
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[1] Computation of components of shortwave (SW) or solar irradiance in the surface-
atmospheric system forms the basis of intercomparison between 16 radiative transfer
models of varying spectral resolution ranging from line-by-line models to broadband and
general circulation models. In order of increasing complexity the components are: direct
solar irradiance at the surface, diffuse irradiance at the surface, diffuse upward flux at
the surface, and diffuse upward flux at the top of the atmosphere. These components allow
computation of the atmospheric absorptance. Four cases are considered from pure
molecular atmospheres to atmospheres with aerosols and atmosphere with a simple
uniform cloud. The molecular and aerosol cases allow comparison of aerosol forcing
calculation among models. A cloud-free case with measured atmospheric and aerosol
properties and measured shortwave radiation components provides an absolute basis for
evaluating the models. For the aerosol-free and cloud-free dry atmospheres, models
agree to within 1% (root mean square deviation as a percentage of mean) in broadband
direct solar irradiance at surface; the agreement is relatively poor at 5% for a humid
atmosphere. A comparison of atmospheric absorptance, computed from components of
SW radiation, shows that agreement among models is understandably much worse at 3%
and 10% for dry and humid atmospheres, respectively. Inclusion of aerosols generally
makes the agreement among models worse than when no aerosols are present, with some
exceptions. Modeled diffuse surface irradiance is higher than measurements for all models
for the same model inputs. Inclusion of an optically thick low-cloud in a tropical
atmosphere, a stringent test for multiple scattering calculations, produces, in general,
better agreement among models for a low solar zenith angle (SZA = 30!) than for a high
SZA (75!). All models show about a 30% increase in broadband absorptance for 30! SZA
relative to the clear-sky case and almost no enhancement in absorptance for a higher
SZA of 75!, possibly due to water vapor line saturation in the atmosphere above the cloud.
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• Three Radiative Transfer Scheme tests for 
Rayleigh atmosphere, purely scattering 
aerosols, and more absorbing aerosols (Table 
1).  Prescribed aerosol properties and AFGL 
(SAW and TROP) O3 and H2O profiles.

• Requested Fields (30° and 75° SZA)
• Broadband (0.2 - 4.0 μm) total (direct + diffuse) 
down at surface.
• Broadband diffuse down at surface.
• UV-VIS (0.2-0.7 μm) total down at surface.
• Broadband up at TOA.
• Near-IR = broadband - UV-VIS

• Compare*: 
• Flux fields
• Aerosol Direct Radiative Forcing (RF): 

*All fields normalized to model TOA downwards
broadband or UV-VIS irradiance; then all results scaled 
by the same TOA downwards irradiance.

Experiment Protocol
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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

Ȧngström Spectral dependence of AOD:
Parameter AOD = exp(-1.0 ⇥ ln(�/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
aSolar-spectrally invariant.

bTROP has higher humidity (H2O mixing ration) and ozone (see Fig. 1).

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 943.3 216.3 845.3 179.7
LBL STDVM 0.77% 1.11% 1.07% 3.93%
Model Avg. 948.2 219.3 856.6 187.6
Avg. Bias 0.52% 1.38% 1.34% 4.38%
Model STDVM 0.61% 1.14% 0.89% 1.74%

Di↵use Broadband Downwards Flux at Surface
LBL Avg 64.4 37.2 64.1 36.8
LBL STDVM 0.93% 1.45% 0.38% 0.50%
Model Avg. 62.1 37.5 62.1 37.4
Avg. Bias -3.57% 0.71% -3.14% 1.70%
Model STDVM 6.81% 3.45% 6.84% 3.31%

Di↵use Broadband Flux Up at TOA
LBL Avg 227.8 82.7 204.9 75.2
LBL STDVM 1.33% 1.49% 1.29% 1.76%
Model Avg. 230.6 83.6 210.6 77.6
Avg. Bias 1.23% 1.18% 2.79% 3.15%
Model STDVM 1.16% 1.68% 1.52% 1.95%

Total (Direct + Di↵use) UV-VIS Downwards Flux at Surface
LBL Avg 490.8 116.1 490.6 116.00
LBL STDVM 0.72% 1.32% 0.17% 0.30%
Model Avg. 489.4 117.2 490.4 118.0
Avg. Bias -0.28% 0.95% -0.04% 1.71%
Model STDVM 1.47% 2.37% 1.35% 2.06%

Total near-IR Downwards Flux at Surfaced

LBL Avg 517.9 137.6 420.0 100.8
LBL STDVM 0.84% 1.02% 2.26% 6.45%
Model Avg. 521.2 139.7 428.1 107.0
Avg. Bias 0.64% 1.49% 1.92% 6.17%
Model STDVM 2.10% 2.54% 3.20% 3.61%

Broadband Absorptancee

LBL Avg 0.134 0.201 0.221 0.307
LBL STDVM 7.23% 6.36% 2.50% 5.13%
Model Avg. 0.127 0.186 0.205 0.274
Avg. Bias -5.52% -7.43% -7.36% -10.72%
Model STDVM 5.06% 4.65% 3.95% 4.03%
aFlux units W m�2; scaled normalized results as described in the text and Fig. 2

Statistics for non-LBL models excludes Models 3, 13, 25, 28, and 29.

Models 20 and 21 are excluded because they are the same as Models 18 and 19 in the Rayleigh atmosphere.

Supplementary Table A2 gives statistics excluding Models #20-21 only.

bLine-by-line (LBL) benchmarks (Avg. of Models #1 and #2) and non-LBL model results.

cAvg. Bias is expressed as a percentage of the LBL Avg. STDVM = standard deviation as a percentage of mean.

dNear-IR is calculated as a di↵erence between broadband and UV-VIS.

eUnless given, absorptance (Eqn. 1) is derived assuming F"S FC =↵F#TOA and ↵= 0.2.

J. Name www.jn.net
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high (75�), to provide a range of conditions that represent
high and low sun elevation, respectively. The wavelength-
independent Lambertian surface albedo was prescribed as
0.2. This case only considers cloud- and aerosol-free con-
ditions; it thus highlights the transmittance of the radiation
schemes considered. Results from Case 1 are presented in
Section 3.1

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 distributed
in the lowest 2 km of the host model. This corresponds
roughly to the high AOD case considered by Halthore et al.
(2005). The Ångström exponent is given as 1.0 at 550 nm
such that at other wavelengths (�; µm), AOD = exp(�1.0⇥
ln(�/0.55)+ln(0.2)). The single scattering 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 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 scattering albedo is prescribed at
0.8 (solar-spectrally invariant SSA). 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 Section 3.2

2.3 Case 2a and 2b: Aerosol Forcing

The fluxes considered in Cases 1 and 2 provide the necessary
information to calculate broadband aerosol radiative forcing
(RF). RF [W m�2] is defined as the di↵erence (down # - up
") in flux (F) with and without aerosols present in the atmo-
sphere:

RF = (F# �F")Case 2� (F# �F")Case 1 (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 di↵erence between
the two: AT M = TOA� S FC. Because aerosol RF is cal-
culated as a di↵erence 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 remains
a major source of uncertainty in our understanding of an-
thropogenic climate change (Solomon et al., 2007). Because
we consider harmonized aerosol optical properties, these RF
calculations should indicate di↵erences in how models treat

multiple-scattering, rather than how an individual model sim-
ulates aerosol properties (mass, lifetime, etc) and their result-
ing direct RF. Note that global, diurnally-averaged results
from the AeroCom Prescribed Experiment FIX2 - FIX0 in
clear-sky (cloud-free) conditions are comparable to Case 2a.
However, in the Prescribed Experiment the surface albedo
and gaseous absorbers are not fixed (Stier et el., 2012). Sim-
ilarly, results from Case 2b are analogous to the global aver-
age FIX3 - FIX0 clear-sky results in Stier et el. (2012). We
examine aerosol RF in Section 3.3 and draw comparisons to
other Phase II AeroCom studies in Section 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
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 standard deviation as a percentage
of the mean (STDVM) in order to evaluate overall model di-
versity; this is again done 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 di↵erence from the LBL-mean (i.e.
100 ⇥ (model - LBL)/LBL). To visualize non-LBL model di-
versity, 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 3, 13, 25, 28, and 29 are often outliers and are
not included in the summary statistics for the Rayleigh atmo-
sphere case in Table 3. (Supplementary Table A2 provides
statistics including all models). Of these models, Model #3
has a small number of exponential-sum fitting terms to in-
crease computational e�ciency (Table A1), and models 13
and 28 use the same gaseous transmission scheme (Appendix
A). Note that models 20 and 21 are identical to models 18 and
19 for the Rayleigh atmosphere case and are thus omitted for
Case 1; however they are included in Case 2 because they
use di↵erent multiple-scattering schemes (Table 1).

The low value of STDVM for both LBL and non-LBL
models (Table 3) indicates the best agreement in direct broad-
band flux down at the surface when the water vapor slant
path is at its lowest (30� in the sub-Arctic winter). Inter-
model di↵erences increase both with increased solar zenith
angle (decreased sun elevation) and increased water vapor
(i.e. the tropical AFGL profile), with the former having a

J. Name www.jn.net
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Participating Models
Model Name Multiple-Scattering Gaseous Transmission

Prescribed (P) 
or Direct Effect 
(D) AeroCom 
Experiment?

1 GENLN2-DISORT 16-stream DISORT Line-by-line,  0.02 cm-2

2 RFM DISORT (RFMD) 4-stream DISORT Line-by-line,  1 cm-2

3 Oslo-DISORT 8-stream DISORT ESFT P, D

4 UNIVIE-Streamer 8-stream DISORT ESFT

5 FMI-libRadtran 8-stream DISORT2 + δ-M scaling ESFT

6 LMU-libRadtran 6-stream DISORT ESFT

7 GSFC-FLG 4-stream δ-Eddington correlated-k

8 CAR-FLG 4-stream δ-Eddington correlated-k

9 LaRC-FL 2-stream δ-Eddington correlated-k

10 CAR-RRTMG 2-stream δ-Eddington correlated-k P, D

11 RRTMG-SW 2-stream δ-Eddington correlated-k P, D

12 LMU-2stream 2-stream δ-Eddington correlated-k

12 MIP-2stream 2-stream δ-Eddington correlated-k P

14 CAR-GSFC 2-stream δ-Eddington + adding correlated-k P, D

15 BCC-RAD 2-stream δ-Eddington correlated-k D

16 CAR-CCCMA 2-stream δ-Eddington + adding correlated-k

17 ECHAM5.5 2-stream δ-Eddington Padé approximation P, D

18 UMD-SRB 2-stream δ-Eddington correlated-k

19 ES96-6 2-stream PIFM correlated-k

20 ES96-220 2-stream PIFM correlated-k

21 ES96-6-D 2-stream PIFM w/δ-rescaling correlated-k

22 ES96-220-D 2-stream PIFM w/δ-rescaling correlated-k

23 UKMO-HadGEM2 2-stream PIFM w/δ-rescaling correlated-k D

24 CAR-CAWCR 2-stream δ-Eddington ESFT

25 CAR-CAM 2-stream δ-Eddington ESFT

26 ULAQ 2-stream δ-Eddington ESFT

27 FORTH 2-stream δ-Eddington ESFT

28 CAR-GFDL 2-stream δ-Eddington + adding ESFT

29 MPI-MOM 10-stream Matrix-Operator adding-doubling correlated-k

30 MOMO Matrix-Operator adding-doubling non-correlated-k

• 31 Participating models!!!
• 2 line-by-line (LBL) benchmarks 
• Multiple Scattering:

• 10 codes (including LBL) have > 2 
streams
• 6 codes use discrete ordinate 
method (DISORT) 
• 21 use some variant of delta 
Eddington (δ-Eddington)
• 2 use matrix operator method 
(MOM)

• Gaseous Transmission:
• 9 codes use exponential sum fit 
transmission (ESFT)
•16 use correlated-k
• 1 uses non-correlated k
• 1 uses Padé approximation

• Relationship to other AeroCom 
experiments:

• 6 codes also used in AeroCom 
Prescribed Experiment (Stier et al., 
2012)
• 6 codes also used in AeroCom Direct 
Effect Experiment (Myhre et al., 2012)



Results: Rayleigh Atmosphere (Case 1) 
• Fig 1a: Model bias relative to LBL for 
broadband direct downwards flux at 
surface <2%. Exception: TROP 75 (Bias 
4%). Diversity (standard deviation as % of 
mean; STDVM) ranges 1-5%.

• Fig 1b: Bias in total near-IR flux down to 
surface <3% except for TROP SZA 75º 
(7%). Diversity ranges 2-8%. Note: near-IR 
= broadband - UV/VIS.

• Broadband diffuse fluxes under- or 
overestimate relative to LBL mean at high 
and low sun elevation, respectively (up to 
+3% TROP 75).

• With exception of diffuse fluxes, both 
inter-model diversity and bias relative to 
benchmark LBL codes increase with solar 
zenith angle (or, increase with decreased 
sun elevation) and with the amount of 
water vapor (i.e. higher for TROP).  Thus, 
the highest errors and disagreement 
occur when the slant path of water vapor 
increases.
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Results: Scattering Aerosol TOA Radiative Forcing (RF)

Models 19 & 20: Outliers due to lack of 
δ-rescaling; excluded from statistics.

• Average bias relative to LBL ~ -20% 
at SZA 30˚ (underestimate) and +8% 
at SZA 75˚ (overestimate).

• Diversity is ~13% at SZA 30˚ and 
10% at SZA 75˚ for both atmospheres.

• Bias and diversity similar for surface 
forcing (not shown).

• Multi-stream models (#3-8) generally 
i n good ag reement w i th LBL 
benchmark.

• Aerosol RF more sensitive to sun 
elevation than to prescribed gaseous 
absorbers, (i.e. prescribed atmosphere) 
as expected. 
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Results: Absorbing Aerosol TOA Radiative Forcing (RF)
Models 19 & 20: Outliers due 

to lack of δ-rescaling; excluded 
from statistics.

• Average bias relative to LBL ~ -13% 
at SZA 30˚ (underestimate) and +12% 
at SZA 75˚ (overestimate) -- less bias 
than scattering aerosol case.

• Diversity is ~14% at SZA 30˚ and 
12% at SZA 75˚ (slightly more diversity 
than scattering aerosol case).

• Bias in atmospheric forcing (not 
shown) bias ranges 0 to -7% and 
diversity ranges 6-10%.

• For both absorbing and especially for 
scattering aerosols, bias and diversity 
increase as sun elevation increases (or, 
increase as solar zenith ang le 
decreases) - - role of mult ip le 
scattering.
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PDFs of Aerosol RF bias relative to benchmark LBL Results
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• Strong dependence of bias (and diversity!) on sun elevation.
• Bias decreases as:

• Sun elevation decreases (SZA increases)
• Aerosol absorption increases

• Treatment of multiple-scattering leads to increased inter-model diversity.
• Biases at specific SZA may be important for regional aerosol forcing and climate impacts.
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Figure 8. Summary of aerosol direct radiative forcing 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., 2012). Models which use
similar radiative transfer schemes have the same color, and the RF is given above or below each bar. (a - b) Comparison of TOA, ATM, and
SFC RF results from Case 2a (Scattering Aerosols) versus the FIX2 - FIX0 (Scattering Aerosols) Prescribed experiment; aerosol properties
in these two studies are identical except in the Prescribed experiment host models simulate their own surface albedo and gaseous absorbers.
The results for FIX2 - FIX0 are global and diurnal average results. (c - d) Comparison of TOA, ATM, and SFC results from Case 2b
(Absorbing Aerosols) versus the global average result from the FIX3 - FIX0 (Absorbing Aerosols) Prescribed experiment, which also has the
same specified aerosol optical properties (but not the same albedo or gaseous absorbers). We also include results from the AeroCom Direct
Radiative Forcing Experiment where we have scaled the reported TOA and ATM normalized RF by our AOD (0.2) and our absorption optical
depth (AOD = (1 - SSA) x AOD = 0.04), respectively; SFC RF is determined as the residual (SFC = TOA - ATM). Note that in the global
and diurnally averaged AeroCom Direct Radiative Forcing Experiment results, models are run in their standard configuration, simulating all
included aerosol processes. The mean SSA for the five models here was 0.95 with a standard deviation of 0.01.
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AeroCom Current and Future Activities

• Companion AeroCom papers:
• Aerosol Direct Effect in global models: 

 Myhre et al., Radiative forcing of the direct aerosol effect from AeroCom Phase II simulations, 
submitted to ACPD, 2012.

• Prescribed aerosol properties the same as in this study, but in global models with varying surface 
albedos, gaseous absorbers, and including clouds: 

 Stier, P. et al., Host model Uncertainties in Aerosol Forcing Estimates: REsults from the AeroCom 
Prescribed Intercomparison Study, submitted to ACPD, 2012.

•Data hosting via the AeroCom web server:

http://aerocom.met.no/data.html

•  Interest from DOE ARM program to archive results along with 
Halthore et al. [2005] results (Warren Wiscombe and Alice Cialella, 
ARM EXternal Data Center (XDC), personal communication). 

• Paper coming soon to ACPD!!!
•  Randles et al., Intercomparison of shortwave radiative transfer schemes in global aerosol 

modeling: Results from the AeroCom Radiative Transfer Experiment, submitted to ACPD, 2012.

http://aerocom.met.no/data.html
http://aerocom.met.no/data.html

