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ABSTRACT: 
Using AERONET data, the aerosol direct radiative forcing is evaluated at 

several locations. The spectra of aerosol parameters are interpolated from 4 wave 
-lengths retrieval data with Mie code, and NCAR CCM radiative transfer model 
is used for calculating the radiation budget. Comparison with ground-based 
radiation measurement shows good agreement with the data during the ACE-
Asia, INDOEX, and MINOS.  Because this method is applied at many 
AEORNET sites, the upward short wave radiation is validated by measurement 
data of CERES/Terra.  A global scale chemical transport model simulation results 
are also compared, but a rather large deviation from the measurement is 
identified.  
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1. Introduction  

The influence of aerosol on climate change has 
become very important topic in climate research 
field during the past decade. According to the recent 
report of Intergovernmental Panel on Climate 
Change (IPCC, 2001), global mean Aerosol Direct 
Radiative Forcing (ADRF) resulting from 
anthropogenic sulfate is -0.4 Wm-2 (-0.2 ~ -0.8 Wm-

2); biomass burning aerosol forcing is -0.2 Wm-2 (-
0.07 ~ -0.6 Wm-2); fossil fuel organic carbon aerosol 
forcing is -0.1 Wm-2 (-0.02 ~ -0.4 Wm-2); fossil fuel 
black carbon aerosol forcing is +0.2 Wm-2 (+0.1 ~ 
+0.4 Wm-2); and ADRF of mineral dust may range 
from -0.6 to +0.4 Wm-2.  The low confidence level 
in estimating of the ADRF is originated from the 
highly non-uniform compositional, spatial, and 
temporal distributions of tropospheric aerosols 
owing to their heterogeneous sources and short 
lifetimes (IPCC, 2001).  And the amount of 
measurment data is still insufficient for 
generalization of the ADRF.  Several studies based 
on satellite observation data for estimating the 
radiative effect of aerosol also need ground-based 
measurement data for validation. 

The objective of this study is to evaluate the 
ADRF using routine ground-based radiation 
measurements data, AErosol  RObotic NETwork 
(AERONET) data. The aerosol parameters for the 
radiative transfer model are to be retrieved from the 
AERONET data, and the ADRF is evaluated at 
many sites distributed globally. The validation of 
ADRF calculation is conducted with the ground-
based radiometer measurement, satellite observation 
and a global scale chemical transport model(CTM) 
simulation.   
 
2. Methodology 

The radiative transfer model that is used in this 
study is the Column Radiative Model (CRM) 2.1.2 
distributed by the National Center for Atmospheric 
Research (NCAR).  This model is the stand-alone 
version of the radiation model implemented in 
NCAR's community climate model, CCM-3.6. 
CRM’s aerosol module uses aerosols optical 
thickness (τ or specific extinction coefficient), single 
scattering albedo(ω) and asymmetry factor(g) for 19 
wavelength division as the input variables. Since 
AERONET data provides size distribution and 
complex refractive indices at four wavelengths 
almost in real time, it is possible to use the 
observation data without assuming the aerosol type. 
The wavelength dependence of the aerosol optical 
variables is quite complicated with respect to the 

composition and particle size.  Current radiative 
transfer models are very sensitive to errors of ω 
values, and its magnitude is mostly dependent on the 
imaginary part of the refractive index.  Although 
refractive index spectra can be estimated using 
intensive measurements, those results are confined 
to a few studies.   

In order to include the wavelength dependency of 
aerosol properties, the aerosol module of CRM is 
modified to accept the measured variables at 4 wave 
lengths. We used a linear regression method on log 
λ-log χ (where χ stands for τ, ω, g, and λ for the 
wavelength) plane to determine the aerosol 
parameters (Won et al., 2004).  This assumption is 
valid in short wavelength retime, and obviates the 
need to assume the aerosols properties in advance. 
With this methodology for the ADRF evaluation, it 
becomes possible to utilize the real time 
measurements for estimating the ADRF case by case 
(Won et al., 2004).  

 
Table 1. The monthly average parameters and the 

ADRF at Jeju, Korea in Spring from 2001 to 2003. 
[Unit for the ADRF : (Wm-2)] 

 March April May 
TOA N.A. -20.6 -13.9 
SFC N.A. -39.0 -34.7 2001

 τ, ω at 670nm N.A 0.46, 0.93 0.34, 0.89
TOA N.A. -19.2 N.A. 
SFC N.A. -67.2 N.A. 2002

 τ, ω at 670nm N.A. 0.69, 0.86 N.A. 
TOA -12.6 -11.8 -21.2 
SFC -36.1 -41.1 -59.6 2003

 τ, ω at 670nm 0.37, 0.86 0.34, 0.83 0.60, 0.88
 

 
3. Results 
 
3.1 ADRF evaluation  

During the ACE-Asia IOP, the AERONET 
sunphotometer has been operated from April to 
June, 2001.  From Spring 2002 Seoul National 
University installed another sunphotometer at the 
same location, which is continuing observation. 
Using the AERONET retrieval data obtained during 
Spring season from 2001 to 2003, the monthly mean 
ADRF values at the surface and TOA are evaluated 
by the method described above, and the results are 
enlisted in Table 1.  It is noticed that monthly mean 
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τ or ADRF values are quite different due to various 
environmental conditions. In 2002 Spring, there 
were several strong Asian dust events, and their 
influences are reflected by the large τ at 670 nm 
(0.69) and ADRF values (-67.2 Wm-2) in April.  In 
the Spring of 2003, however, there were few Asian 
dust events as shown by smaller mean τ and ADRF 
values in March and April 2003.  
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Figure 1. The relation between the ADRF and τ at 
670 nm at Jeju, Korea in Spring from 2001 to 2003. 

 
Figure 1 shows the relationship between daily 

mean aerosol forcing and τ at 670 nm, and the 
number of data is 70 from 2001 to 2003. The slope 
of linear fitting line in Figure 1 is generally 
interpreted as the average forcing efficiency, the 
ADRF per unit τ.  In this study, the forcing 
efficiency per unit τ at 670 nm is estimated -37.7±
6.5 Wm-2 at TOA and -101.9±17.2 Wm-2 at the 
surface at Jeju, Korea in Spring season.  These 
values can be converted to the forcing efficiency per 
τ at 500nm as -29.9±4.9 Wm-2 at TOA and -80.5±
13.2 Wm-2 .  Won et al. (2004) evaluated forcing 
efficiency at 500nm as -33.2±5.1 Wm-2 at the TOA 
and -76.8±10.4 Wm-2 at the surface during the ACE-
Asia IOP in Spring 2001.  Bush and Valero (2003) 
estimated forcing efficiency at the same place as -
73.0 ± 9.6 Wm-2, and Nakajima et al. (2003) 
evaluated it as 63.9 Wm-2.  This study tends to 
overestimate the forcing efficiency a little, and 
especially the aerosol forcing efficiency in 2002 and 
2003 is evaluated larger than those in 2001.  Most of 
all, More absorbing aerosol indicated by smaller ω 
can cause the ADRF and forcing efficiency to be 
larger in 2002 and 2003 than that estimated during 
the ACE-Asia IOP.  From this result, it can be 
suggested that a long term observation data is very 
important to generalize the aeosol’s effect on a 
regional climate and to understand the time variation 
of the ADRF. 

 
3.2 Validation with measurement 

The solar radiative fluxes at the ground level 
measured by NOAA Climate Monitoring and 
Diagnostics Laboratory (CMDL) are utilized for the 

validation of model calculation.  The data points 
with the time difference between the radiometer and 
the AERONET sun/sky radiometer measurement is 
smaller than 5 minutes are selected in April 2001, 
and the number of data is 41.  At first, validation of 
the CRM calculation is conducted using the 
measurement data on April 13th and 15th, for a dust 
event data and a non-dust day.   
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Figure 2. The diurnal variation of surface radiation 
flux measured by NOAA/CMDL radiometers and 
calculated by CRM with AERONET data; a) dust 
aerosol case on April 13th, and b) non-dust aerosol 
case on April 15th, 2001. The solid line stands for the 
calculated total irradiance, the slash dot line for the 
direct flux, and the dotted line for diffuse flux, all of 
which are calculated with the daily averaged aerosol 
parameters. In addition, the dots stand for the 
measured irradiance by CMDL radiometers, and the 
open circles are the calculated with the instantaneous 
AERONET data. 

 
 
Figure 2 shows the diurnal variation of radiation 

flux at the surface calculated with the CRM and 
observed with NOAA/CMDL radiometers.  The 
calculated total flux (solid line), direct flux (slash 
dot line) and diffuse flux (dotted line) are displayed 
in one panel, which are model simulation results 
using the daily averaged aerosol parameters derived 
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from the AERONET data. The dots are the results 
from CMDL radiometers and the open circles are the 
results calculated with the instantaneous AERONET 
measurement.  The figure shows generally a good 
agreement between the radiometer measurements 
and the irradiances derived from the AERONET 
measurements. The scattering and absorption by 
aerosols generally cause the amount of solar 
radiation reaching the surface to be smaller.  
Specifically direct radiation decreases exponentially 
as the optical thickness τ increases, which is closely 
related with the aerosol amount, meanwhile the 
diffuse radiation, which is dependent on the 
scattered downwelling radiation, increases as τ, ω 
and g values of aerosols become bigger.  The high 
Asian dust loading on April 13th resulted in an 
increased diffuse irradiance as identified by both the 
calculation and observation compared to that on 
April 15th.  In the afternoon on April 13th, there was 
a distinct increase in the diffuse radiation and large 
discrepancies were noticed between the measured 
values and the calculation with daily averaged 
values.  However, the calculation results with 
instantaneous observation data show smaller 
deviation in the figure.  This is because an elevated 
dust layer appeared in the afternoon and the column 
averaged aerosol’s property changed.  On April 15th, 
the deviation between the measurement and the 
calculation using instantaneous aerosol parameters 
become smaller than that on April 13th.  The 
averaged value of the relative error between 
calculated and measured total irradiance is -2.2 % on 
April 13th, and -0.8% on the 15th.  

In summary, this exercise is a kind of closure 
experiment for column irradiances.  This is captured 
by the measurements of the radiometers, and the 
model calculations of the CRM using near real time 
AERONET measurements. R2 value between 
measurement and calculation is 0.997 for the total 
irradiance, 0.998 for the direct irradiance and 0.977 
for the diffuse irradiance (Won et al., 2004).  From 
the small differences between the surface irradiance 
calculation using CRM and radiometer 
measurement, the methodology of ADRF estimation 
can be validated. 

In order to extend this method to many 
AEORNET site, the ADRF calculated at TOA also 
needs to be validated with using measurements. At 
TOA, the downward radiation is determined by the 
astronomical conditions, whereas the effects of 
aerosols are included in the upward radiation flux.  
Therefore, it is possible to use the upward flux 
measurement for the validation of the ADRF 
evaluation at TOA.  In this study, the Cloud and the 
Earth's Radiant Energy System (CERES) installed at 
Terra satellite data are used for the validation of the 
radiation flux at TOA. The CERES/Terra data are 
processed and released by NASA/LaRC (Langley 
Research Center) ASDC (Atmospheric Sciences 

Data Center) in several formats.  In this study, 3 
years of the ES-9 data set, which stands for the 
ERBE-like monthly regional averages (Chang et al., 
2000), is used.  The CERES/Terra ES-9 data are 
retrieved from the measurement data made from a 
sun-synchronous orbit, and provide the monthly 
mean clear sky upward radiation flux data with a 
spatial resolution of 2.5°×2.5°. 
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Figure 3. Scattered diagram for upward short wave 

flux at TOA measured by CERES/Terra and 
calculated by CRM with AEROENT data. 

 
The TOA validation is performed at 8 selected 

AERONET site, and those sites are Mauna Loa, 
GSFC, Cape Verde, Mongu, Sevilleta, Lanai, 
Anmyon and Skukuza. This comparison can be used 
to cross-check the magnitude of the differences in 
upward flux at each site.  The annual mean relative 
error of the upward flux at GSFC is 3.7 %, at 
Sevilleta -8.6 %, at Lanai -4.2 %, at Anmyon 6.9 % 
and at Skukuza 0.7 %.  The annual average of 
relative error is -16.7 % at Mauna Loa.  The 
difference at Mauna Loa might be due to the altitude 
of site, and the difference could also be due to the 
coarse spatial resolution of the CERES/Terra data, 
2.5°×2.5° .  At the other sites, the overestimates 
larger than 10 % are frequently found; the CRM 
overestimates the TOA ADRF by 11.5 % at Cape 
Verde and by 10.1 % at Mongu.  Errors could also 
be due to the large τ values measured by AERONET 
at some of the chosen sites at certain periods.  The 
comparison results at 8 AERONET sites show the 
scattered diagram Figure 3 for the calculated and 
observed upward fluxed at TOA.  In spite of some 
deviations, high R2 value of 0.893 and linear fitting 
coefficient of 1.017 are evaluated.  These results can 
be interpreted as the differences between the 
calculation and satellite measurement of upward 
radiation flux are within acceptable range, and 
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validate the ADRF calculation using the CRM and 
AERONET data at TOA. 

On the other hands, further validation of the 
ADRF evaluation is possible by reviewing other 
study, such as the Indian Ocean Experiment 
(INDOEX) and the Mediterranean Intensive Oxidant 
Study (MINOS) results.  The INDOEX study was 
performed in order to observe the characteristics of 
Indo-Asian haze and evaluate the aerosol forcing in 
Indian Ocean region (Ramanathan et al., 2001) in 
the year of 1999.  MINOS was performed in the 
Mediterranean Sea region in Summer 2001, and 
generated a substantial dataset of the aerosol 
characteristics in this region (Lelieveld et al., 2002). 
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Figure 4. The relation between the ADRF and τ at 
500 nm calculated with AERONET data at KCO 
(Kaashidoo Climate Observatory) during the 
INDOEX IOP, 1999. 

 
The INDOEX scientist teams evaluated the 

aerosol direct forcing efficiency in Indian Ocean 
regions as -25 Wm-2 at TOA and -75 Wm-2 at the 
surface (Ramanathan et al., 2001).  Since 
AERONET operated a sun/sky radiometer at 
Kashidhoo Climate Observatory(KCO), where many 
measurements are co-located during the INDEX IOP 
(from January to March, 1999), the methodology 
used in this study can be applied.  Applying the 
same methodoloy of this study to KCO AERONET 
data for 35 days,  the forcing efficienty per unit τ at 
500nm is evaluated as -26.1±2.5 Wm-2 at TOA and -
70.6±6.8 Wm-2 at the surface (Figure 4), and the two 
results agree with each other within one standard 
deviation.  The MINOS scientist teams evaluated the 
ADRF at -6.6 Wm-2 at TOA and -17.9 Wm-2 in 
Mediterranean region in summer 2001 (Lelieveld et 
al., 2002).  We selected 10 AERONET sites in this 
region near the Mediterranean sea, and averaged the 
ADRF during the JJA season. The sites are Avignon, 
IMC Oristano, Modena, Toulouse, Rome tor 
Vergata, Bordeaux, Marseille, Realtor, Vinon, Pic 
du Midi, Tarbes Etal and Villefranche.  We found 
average ADRF values of -7.7 Wm-2 at TOA and -
17.2 Wm-2 at the surface, which agree very well with 
the MINOS results.  This shows that it is possible to 

extend these studies to the global scale with a 
reasonable expectation of valid ADRF values. 

 
3.3 Comparison with model simulation  

It can be said that Ground-based radiation 
measurements are still the basic method for the 
validation of the aerosol forcing estimation (Holben 
et al., 2001), however only the information is hardly 
sufficient for us to understand the time-spatial 
characteristicas of aerosol’s radiative effect.  Many 
scientists have used models for estimating the 
aerosol forcing in global scale, however there are 
quite large differences among the chemical transport 
models on a global scale, therefore validation is very 
important for model studies (Kinne, 2003). In this 
study, global distribution of τ and ADRF is 
evaluated with a global scale CTM, which is called 
SPRINTARS (akemura, 2000), and its results is 
compared with AEORONET data and CRM 
calculation results. SPRINTARS (with the resolution 
of T42) was run for 3 years (2001-2003) by 
assimilating the NCEP/NCAR Reanalysis data of U, 
V, T, RH. Annual with standard emission data, 
seasonal and monthly mean values at the same 
locations of the AERONET sites in several regions 
are evaluated.  

Figure 5 shows the global distribtuion of τ and 
ADRF distribution simulated with SPRINTARS and 
three years of NCEP/NCAR data.  Regional/seasonal 
changes of AOT spatial distribution are consistent 
with common knowledge and AERONET data, and 
the magnitude of ADRF in each region also 
corresponds with aerosol distribution. Euro-Aisa 
continent and Sahara desert regions are indentified 
by relatively large τ and ADRF all the year with 
some seasonal variation. However, SPRINTARS 
simulation underestimates AERONET measurement 
of τ and CRM calculation of ADRF. Even the 
forcing efficiency is also evaluated smaller by 
SPRINTARS.  For example, the forcing efficiency 
in East Asia region, is simulated by SPRINTARS as 
-48.6 Wm-2, however the average forcing efficiency 
of the AEROENT sites is -66.1 Wm-2.  One of these 
deviation is considered to be caused by the spatial 
resolution of model. And relatively larger SSA 
values from SPRINTARS represent the imperfect 
emission and chemistry processes. The reason of this 
difference between measurement and simulation 
need to be verified with further studies. 

 
 

4. Conclusions. 
NCAR CRM is used for estimating the ADRF 

with the AERONET data. The wavelength 
dependency of aerosol optical parameters is included 
by linear regression method with 4 wavelengths of 
AEORNET data. This study’s results agree well 
with ground based radiometer measurement, and are 
consistent with the other studies’ results. Satellite 
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meausurement data from CERES/Terra is also used 
for validation of the upward radiation flux at TOA, 
the good agreement ensures the possibility of 
extending the methodology of this study to many 
AEORNET sites.  Then, a global chemical transport 
model is also used for the comparison with 
AERONET/CRM calculation. Though time-spatial 
variations of the τ and ADRF are consistent, the 
CTM results tend to underestimate the 
AERONET/ADRF results in both the  τ, ADRF and 
forcing efficiency. 

This study shows a possibility of estimating the 
ADRF on a global scale using the ground-based 
measurement data from AERONET.  Such studies 
are important for improving aerosol 
parameterizations in radiative transfer models and 
evaluating the regional ADRF. We expect that 
follow-up studies will improve the regional ADRF 
estimates and expand this study to the global scale.  
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Figure 5. Simulation results by SPRINTARS, a) 
global distribution τ in April, b) global distribution 
ADRF at surface in April. 
 


