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Foreword 
 
The Center for Global Environmental Research (CGER) at the National Institute for 

Environmental Studies (NIES) was established in October 1990, with the main objectives of 
contributing to the scientific understanding of global environmental change and identifying 
solutions to critical environmental problems. CGER conducts environmental research from an 
interdisciplinary, multi-agency, and international perspective, and provides an intellectual 
infrastructure for research activities in the form of databases and a supercomputer system. 
CGER also ensures that data from its long-term monitoring of the global environment is made 
available to the public. 

CGER installed its first supercomputer system (NEC SX-3, Model 14) in March 1992, 
and this was subsequently upgraded to an NEC Model SX-4/32 in 1997, an NEC Model SX-6 
in 2002, an NEC Model SX-8R/128M16 in 2007, and an NEC Model SX-9/A(ECO) in June 
2013. In June 2015, the system was further upgraded with the inclusion of an NEC Model 
SX-ACE), in order to provide an increased capacity for speed and storage. We expect our 
research to benefit directly from this upgrade. 

The supercomputer system is available for use by researchers from NIES and other 
research organizations and universities in Japan. The Supercomputer Steering Committee 
consists of leading Japanese scientists in climate modeling, atmospheric chemistry, ocean 
environment, computer science, and other areas concerned with global environmental 
research, and one of its functions is to evaluate proposals of any research requiring the use of 
the Supercomputer system. In the 2014 fiscal year (April 2014 to March 2015), fourteen 
proposals were approved.  

To promote the dissemination of results, we publish both an Annual Report and 
occasional Monograph Reports. Annual Reports deliver results for all research projects that 
have made use of the supercomputer system in a given year, while Monograph Reports 
present the integrated results of a particular research program.  

This Monograph Report presents validations of the “pattern scaling method”, which is an 
important tool for socioeconomic/emission uncertainties of climate change impacts, 
adaptation and mitigation. The author suggests that different aerosol emissions in different 
socioeconomic/emission scenarios lead to significant biases of future hydrological 
assessments using the pattern scaling method. These results pose further challenges to the 
promotion of comprehensive analyses between climate projections, impacts, adaptation and 
mitigation. 

In the years to come we intend to continue our support of environmental research by 
enabling the use of our supercomputer resources, and continue to disseminate practical 
information based on our results. 

 
 

January 2017 
 

Hitoshi Mukai 
Director 
Center for Global Environmental Research 
National Institute for Environmental Studies 

  

 

i 

Foreword 
 
The Center for Global Environmental Research (CGER) at the National Institute for 

Environmental Studies (NIES) was established in October 1990, with the main objectives of 
contributing to the scientific understanding of global environmental change and identifying 
solutions to critical environmental problems. CGER conducts environmental research from an 
interdisciplinary, multi-agency, and international perspective, and provides an intellectual 
infrastructure for research activities in the form of databases and a supercomputer system. 
CGER also ensures that data from its long-term monitoring of the global environment is made 
available to the public. 

CGER installed its first supercomputer system (NEC SX-3, Model 14) in March 1992, 
and this was subsequently upgraded to an NEC Model SX-4/32 in 1997, an NEC Model SX-6 
in 2002, an NEC Model SX-8R/128M16 in 2007, and an NEC Model SX-9/A(ECO) in June 
2013. In June 2015, the system was further upgraded with the inclusion of an NEC Model 
SX-ACE), in order to provide an increased capacity for speed and storage. We expect our 
research to benefit directly from this upgrade. 

The supercomputer system is available for use by researchers from NIES and other 
research organizations and universities in Japan. The Supercomputer Steering Committee 
consists of leading Japanese scientists in climate modeling, atmospheric chemistry, ocean 
environment, computer science, and other areas concerned with global environmental 
research, and one of its functions is to evaluate proposals of any research requiring the use of 
the Supercomputer system. In the 2014 fiscal year (April 2014 to March 2015), fourteen 
proposals were approved.  

To promote the dissemination of results, we publish both an Annual Report and 
occasional Monograph Reports. Annual Reports deliver results for all research projects that 
have made use of the supercomputer system in a given year, while Monograph Reports 
present the integrated results of a particular research program.  

This Monograph Report presents validations of the “pattern scaling method”, which is an 
important tool for socioeconomic/emission uncertainties of climate change impacts, 
adaptation and mitigation. The author suggests that different aerosol emissions in different 
socioeconomic/emission scenarios lead to significant biases of future hydrological 
assessments using the pattern scaling method. These results pose further challenges to the 
promotion of comprehensive analyses between climate projections, impacts, adaptation and 
mitigation. 

In the years to come we intend to continue our support of environmental research by 
enabling the use of our supercomputer resources, and continue to disseminate practical 
information based on our results. 

 
 

January 2017 
 

Hitoshi Mukai 
Director 
Center for Global Environmental Research 
National Institute for Environmental Studies 

  

- i -



 

ii 

Preface 
 

Aerosols have great impacts on not only air pollution on a local scale but also climate 
change on a global scale. They can modulate shortwave and longwave radiative fluxes in the 
atmosphere; thus they also affect the retrieving results of other species such as CO2 from 
satellites. To properly estimate the distributions of aerosols, an improvement of aerosol 
transport models is required. We have developed a global aerosol transport model, which was 
originally provided by Takemura et al. (2000), named a Spectral Radiation-Transport Model 
for Aerosol Species (SPRINTARS). The aerosol module has been coupled with the Model for 
Interdisciplinary Research on Climate (MIROC) and recently with the Non-hydrostatic 
Icosahedral Atmospheric Model (NICAM). The module has been compared with various 
observations including in-situ measurements, remote sensing through satellites, skyradiometer, 
and lidar, and other aerosol transport models through various model comparisons such as the 
AeroCom international project. Such comparisons helps us to continuously improve the 
model. Under the NIES-SX supercomputer project, we have been comparing and improving 
the SPRINTARS for 10 years. In addition, we have developed a data assimilation method for 
aerosols to provide more accurate results of aerosol distributions using satellite observations. 
In this monograph, we would like to show a summary of our activities, especially the 
following three topics: 

[Chapter 1] Goto D., Nakajima T., Takemura T., Sudo K. (2011) A study of uncertainties in 
the sulfate distribution and its radiative forcing associated with sulfur chemistry in a global 
aerosol model. Atmospheric Chemistry and Physics, 11, 10889-10910 

 
[Chapter 2] Oikawa E., Nakajima T., Inoue T., Winker D. (2013) A study of the shortwave 

direct aerosol forcing using ESSP/CALIPSO observations and GCM simulation. Journal of 
Geophysical Research, 118, 3687-3708, doi:10.1002/jgrd.50277 

 
[Chapter 3] Schutgens N.A.J., Miyoshi T., Takemura T., Nakajima T. (2010) Applying an 

ensemble Kalman filter to the assimilation of AERONET observations in a global aerosol 
transport model. Atmospheric Chemistry and Physics, 10, 2561-2576 
 

Chapter 1 provides an improvement of sulfur chemistry in the SPRINTARS module. The 
main results have been adopted to the recent MIROC code. Chapter 2 provides a new 
validation method of global aerosol transport models using the Cloud-Aerosol Lidar and 
Infrared Pathfinder Satellite Observation (CALIPSO), which focuses on the vertical 
distribution of aerosols under clear/cloudy-sky conditions and its impacts on aerosol radiative 
forcings. In Chapter 3, an aerosol assimilation system using an ensemble Kalman Filter 
method is introduced. The technique has been tested in the retrieval of CO2 in the Greenhouse 
gases Observing SATellite (GOSAT) project. This monograph will help readers, including 
users of our model, to understand the continuous development of SPRINTARS and its 
assimilation system. 
 
 
January 2017 
 
 
 

- ii -



 

iii 

Daisuke Goto 
Senior Researcher 
Atmospheric Modeling Section 

                   Center for Regional Environmental Research 
National Institute for Environmental Studies 
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Abstract 
 

The direct radiative forcing by sulfate aerosols is still uncertain, mainly because the 
uncertainties are largely derived from differences in sulfate column burdens and its vertical 
distributions among global aerosol models. One possible reason for the large difference in the 
computed values is that the radiative forcing delicately depends on various simplifications of 
the sulfur processes made in the models. In this study, therefore, we investigated impacts of 
different parts of the sulfur chemistry module in a global aerosol model, SPRINTARS, on the 
sulfate distribution and its radiative forcing. Important studies were effects of simplified and 
more physical-based sulfur processes in terms of treatment of sulfur chemistry, oxidant 
chemistry, and dry deposition process of sulfur components. The results showed that the 
difference in the aqueous-phase sulfur chemistry among these treatments has the largest 
impact on the sulfate distribution. Introduction of all the improvements mentioned above 
brought the model values noticeably closer to in-situ measurements than those in the 
simplified methods used in the original SPRINTARS model. At the same time, these 
improvements also brought the computed sulfate column burdens and its vertical distributions 
into good agreement with other AEROCOM model values. The global annual mean radiative 
forcing due to the direct effect of anthropogenic sulfate aerosol was thus estimated to be 
0.26 W m2 (0.30 W m2 with a different SO2 inventory), whereas the original 
SPRINTARS model showed 0.18 W m2 (0.21 W m2 with a different SO2 inventory). The 
magnitude of the difference between original and improved methods was approximately 50% 
of the uncertainty among estimates by the world's global aerosol models reported by the 
IPCC-AR4 assessment report. Findings in the present study, therefore, may suggest that the 
model differences in the simplifications of the sulfur processes are still a part of the large 
uncertainty in their simulated radiative forcings. 
 
Keywords: Sulfur chemistry, global aerosol-transport model, improvement 
 
  

- 2 -



CGER-I132-2017, CGER/NIES 
 

- 3 - 
 

1.1. Introduction 
 

Secondary aerosols are formed from their precursor gases in the atmosphere through 
condensation and nucleation processes after oxidation. They have various components such as 
sulfate (SO4

2-), ammonium, nitrate, and a part of organic matter (secondary organic aerosol; 
SOA). Most secondary aerosols are considered to be major anthropogenic aerosols (e.g., 
Seinfeld and Pandis, 1998). Also, they can become cloud condensation nuclei (CCN) and may 
have a large impact on the earth's radiation budget through the aerosol indirect effect (e.g., 
McFiggans et al., 2006). Proper estimates of the radiative impact due to the anthropogenic 
aerosols, therefore, need accurate modeling studies to predict the secondary aerosols. 

Schulz et al. (2006) presented the AEROCOM model inter-comparison of anthropogenic 
aerosol direct radiative forcings calculated by nine global aerosol models. They showed that 
the magnitudes of the radiative forcing due to total anthropogenic aerosols range from +0.04 
W m2 to 0.41 W m2. Also they showed that the radiative forcing due to anthropogenic 
sulfate aerosol is estimated to be between from 0.16 W m2 to 0.58 W m2; this range is 
larger than those due to black carbon (BC) and organic carbon (OC) aerosols. This 
comparison suggests that a large portion of the differences in the radiative forcings of total 
anthropogenic aerosols among models still stem from modeling of the radiative forcing due to 
sulfate component. 

Figure 1.1 shows scatter plots to show relations of global annual mean values of sulfate 
column burden and sulfate fraction above 5 km to its column burden with the aerosol direct 
radiative forcing due to anthropogenic sulfate aerosols using the AeroCom data from Textor 
et al. (2006), Schulz et al. (2006) and the present study. The figure can help us to understand 
how the relations among these key quantities are scattered showing that models still have 
problems in realistic simulation of the radiative forcing due to problems in modeling of both 
the sulfate burden and stratification. Figure 1.1(a) shows an obvious tendency that the aerosol 
direct radiative forcing increases as the sulfate column burden increases, though the rate of 
increase differs among models. Most sulfate aerosols are scavenged below 5 km, so that there 
is a model tendency of increasing sulfate column burden with increasing sulfate fraction 
above 5 km. In Figure 1.1(b), however, we do not find any systematic tendency between the 
aerosol direct radiative forcing and the sulfate fraction above 5 km if we include all the data 
points, reflecting the fact that a change in the height of a non-absorbing aerosol layer does not 
cause a noticeable change in the radiative forcing at the top of atmosphere. The results given 
by Figure 1.1 lead us to a conclusion that uncertainties in the radiative forcing due to 
anthropogenic aerosols among global aerosol models are largely derived from the differences 
in the sulfate column burden and to a lesser extent in its vertical distribution. 
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Figure 1.1 Correlation (a) between sulfate column burden (x-axis) in mg(SO4

2-)m-2 and aerosol 
direct radiative forcing due to anthropogenic sulfate aerosols under the all-sky 
condition at the top of atmosphere (y-axis) in Wm2 and (b) between fraction above 5 
km to the sulfate column burden (x-axis) in percentage and aerosol direct radiative 
forcing due to anthropogenic sulfate aerosols under the all-sky condition at the top of 
atmosphere (y-axis) in Wm2. The all data in closed circles in black are given by Schulz 
et al. (2006) and Textor et al. (2006). The closed and open circles in red represent the result 
in this study and the original SPRINTARS. 

 
 

Moreover, a detailed investigation of the results suggests that the different sulfate 
distributions among global aerosol models possibly come from model differences in both 
formation and loss processes. The major formation process of sulfate is that sulfur dioxide 
(SO2), as a precursor for sulfate, is oxidized in the atmosphere and turns to sulfuric acid and 
then to a particle through condensation or nucleation processes. The major loss process of 
sulfate has been considered to be wet deposition because of its typical size ranging from 0.1 
to 1 mm with its high CCN efficiency (e.g., Rasch et al., 2000). Most global models adopt a 
similar method for the wet deposition, i.e., in-cloud and below-cloud scavenging, using the 
ratio of the aerosol in the cloud to that in the interstitial phase and use similar magnitudes of 
the ratio (Textor et al., 2006). This suggests the wet deposition modeling is likely not the 
major reason for the difference in the sulfate distribution, whereas a difference in the cloud 
and precipitation process modeling can be one of the major reasons. In addition, a difference 
of the transport is beyond this study.  

The other problem is the difference in the sulfate formation process. Since Langner and 
Rodhe (1991) first published the global sulfur cycle model, sulfur chemistry modeling studies 
indicate that the major process of the sulfate formation is the SO2 oxidation in the aqueous 
phase by hydrogen peroxide (H2O2) and ozone (O3) (e.g., Roelofs et al., 2001). Figure 1.2 
shows ratios between wet deposition flux and sulfate production rate in the aqueous-phase 
oxidation in global annual averages using results obtained by various global aerosol models. 
We can expect that the removal amount of SO2 from the atmosphere increases as the ratio 
decreases when the sulfate production remains the same. In Figure 1.2, the GISS and 

 
 
Figure 1.1 Correlation (a) between sulfate column burden (x-axis) in mg(SO4

2-)m-2 and aerosol 
direct radiative forcing due to anthropogenic sulfate aerosols under the all-sky 
condition at the top of atmosphere (y-axis) in Wm -2 and (b) between fraction above 5 
km to the sulfate column burden (x-axis) in  percentage and aerosol direct radiative 
forcing due to anthropogenic sulfate aerosols under the all-sky condition at the top of 
atmosphere (y-axis) in Wm-2. The all data in closed circles in black are given by Schulz 
et al. (2006) and Textor et al. (2006). The closed and open circles in red represent the result 
in this study and the original SPRINTARS. 
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SPRINTARS models, which also have lower sulfate column burden as shown in Schulz et al. 
(2006), show substantially low values of the ratio to the other models. As a result, the 
difference in the modeling of SO2 production in the aqueous phase can cause the difference in 
the sulfate distribution. 
 
 

 
 
Figure 1.2 Correlation of global annual mean SO2 budgets between wet deposition fluxes (x-axis) 

and aqueous-phase reaction fluxes (y-axis) using model results by various CTM and 
GCM aerosol models, in TgS yr-1. For reference, the 1:1 and 1:2 lines are shown as the 
solid and dashed lines, respectively. The closed circle in red represents the result in this 
study using a more physical-based sulfur processes. The open circle in red near the 1:1 line 
represents the result in Takemura et al. (2000), SPRINTARS, which uses a simplified 
sulfur process. The open circle in black represents the result in Koch et al. (2006). 

 
 
1.2. Sulfur process 
 

In most three-dimensional global aerosol models, three pathways of sulfate formation are 
considered (e.g., Textor et al., 2006). The first path is aqueous-phase oxidation of SO2 by 
H2O2 and O3. The second one is gas-phase oxidation of SO2 by hydroxyl radical (OH). The 
third one is oxidation of dimethylsulfide (DMS), which is emitted naturally from marine 
phytoplanktons. The products in the oxidation are SO2 and methanesulfonate (MSA). MSA is 
also an aerosol but its burden is much smaller than that of sulfate (e.g., Heinzenberg et al., 
2000; Prospero et al., 2003). The other sources of SO2 are industrial and human activities 
through fossil fuel combustion and forest fire through biomass burning. The SO2 in the 
atmosphere is removed typically within one to three days by oxidation and wet and dry 
deposition processes (e.g., Seinfeld and Pandis, 1998; Barrie et al., 2001). All formed sulfate 
is assumed to exist in the particle phase because sulfuric acid has a low vapor pressure (e.g., 
Seinfeld and Pandis, 1998). Due to the small size and the high hygroscopicity, the wet 
deposition for sulfate aerosol is a major removal process in the atmosphere compared to the 

 
Figure 1.2 Correlation of global annual mean SO2 budgets between wet deposition fluxes (x-axis) 

and aqueous-phase reaction fluxes (y-axis) using model results by various CTM and 
GCM aerosol models, in TgS yr -1. For reference, the 1:1 and 1:2 lines are shown as the 
solid and dashed lines, respectively. The closed circle in red represents the result in this 
study using a more physical-based sulfur processes. The open circle in red near the 1:1 line 
represents the result in Takemura et al. (2000), SPRINTARS, which uses a simplified 
sulfur process. The open circle in black represents the result in Koch et al. (2006). 
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dry deposition (e.g., Rasch et al., 2000).  
As suggested in section 1, a difference in the aqueous-phase sulfur chemistry among 

global aerosol models can be a key to understand a difference in the sulfate simulation. The 
aqueous-phase sulfur chemistry includes SO2 aqueous-phase oxidations whose treatment is 
largely different depending on models. The treatment includes a numerical solution in the 
oxidations, an integrated time resolution in the aqueous-phase process, and a value of pH in 
the aqueous-phase. To save the amount of CPU time, the most simplified way to treat these 
processes in the model is to use an approximation in a quasi first-order reaction of the SO2 
aqueous-phase oxidations, a same time resolution as that in the transport model, and a fixed 
pH value in the calculation (e.g., Takemura et al., 2000). Similar kinds of approximation in 
the aqueous-phase sulfur chemistry and other sulfur processes are adopted by most of global 
aerosol models (e.g., Textor et al., 2006). Physically based methods (e.g., Feichter et al., 
1996; Boucher et al., 2002) set the timestep in the aqueous-phase chemical reaction to be 
shorter than that in the transport model, while simplified methods (e.g., Chin et al., 2000; 
Takemura et al., 2002) set the same time resolution in both the aqueous-phase chemistry and 
the transport model. For oxidants, i.e., O3, H2O2, and OH radical, physically based methods 
(e.g., Easter et al., 2004; Tie et al., 2005) calculate them with online-coupling to chemistry, 
while simplified methods (e.g., Barth et al., 2000; Koch et al., 2006) use their offline 
distributions. For dry deposition, physically based methods (e.g., Liu and Penner 2002; Gong 
et al., 2003) treat all components of the resistance using Zhang et al. (2001), while simplified 
methods (e.g., Rasch et al., 2000; Pitari et al., 1993; 2002) assume the constant rate of the dry 
deposition. As shown in Textor et al. (2006), global aerosol models also include an offline 
calculation of oxidants, i.e., O3, H2O2 and OH radical and a simplified dry deposition of gases 
and aerosols. Therefore, we show both these simplified and physically-based methods in the 
following subsections. 
 
1.2.1. Treatment of the sulfur aqueous-phase processes 
 

Two numerical solutions for aqueous-phase sulfur chemistry of global aerosol models are 
described here. In the approximation in the quasi first-order reaction, a change in the sulfate 
concentration during time dt is expressed as follows: 

 
������
�� = ��������������������      (1.1) 

 
where k is the reaction rate, which is set to the same value as Takemura et al. (2000), and 
terms [SO2(aq)] and [H2O2(aq)] are aqueous-phase concentrations of SO2 and H2O2, 
respectively. In the simplified method, the sulfur system is assumed to be an open system, 
which means the H2O2 concentration in the aqueous-phase is always assumed to be constant 
as 
 

����������� = �������� � ����������������������������   (1.2) 
 
where the term of [A](t) means the concentration of a matter A at time t. In the case of SO2 
oxidation by O3, the expression of the sulfate concentration at time t is also similar to that in 
the SO2 oxidation by H2O2. 
 

On the other hand, the sulfur system can be treated more realistically by a closed system, 
i.e., H2O2 concentrations in the aqueous-phase are changed by supply from the gas-phase and 
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by loss in the liquid phase. In this system, the sulfate concentration is expressed by an 
analytical expression of the second-order reaction of SO2 with H2O2 as follows: 

 
�

������������������������
− �

������������
= � � ��     (1.3) 

 
when concentrations of H2O2 and SO2 are equal to each other. Otherwise, it follows: 
 

�
��������������������������

ln �������������������������������������������������������������������������������
� = � � ��  (1.4) 

 
In the present study we set two sulfur process models, i.e., a simplified model used in the 

original SPRINTARS model and a more physical-based model with use of equations (3) and 
(4). We hereafter call these two models original model and improved model. 

A resolution for time integration is also critical for the aqueous-phase sulfur chemistry. 
Soluble gases such as SO2, H2O2 and O3 in the atmosphere can be partitioned into gas and 
aqueous phases according to Henry’s law. Henry’s law equilibrium between gas and aqueous 
phases occurs typically within one second (Hobbs, 2000). In addition, the SO2 in the aqueous 
phase reacts so rapidly with H2O2 that the time resolution to integrate the aqueous-phase 
chemical reaction equations should be finer (e.g., Seinfeld and Pandis, 1998). The timestep, 
for example, is set to two minutes in Boucher et al. (2002), four minutes in Feichter et al. 
(1996), ten minutes in Liao et al. (2003), and twenty minutes in Takemura et al. (2000). We 
thus introduce a sub-cycle calculation by dividing the timestep of general circulation model 
(GCM), which is typically several tens of minutes, into two minute sub-intervals for solving 
equations (3) and (4) (see Figure 1.3). During the calculation in the sub-cycle, the gas-phase 
concentrations of SO2 and oxidants are changed only through Henry’s law equilibrium. 
Oxidation of SO2 by O3 is also considered and is calculated just after the oxidation of SO2 by 
H2O2. It should be noted that the order of the calculations affects the resulting sulfate 
concentration and impact on the annually averaged sulfate concentration near the surface and 
sulfate column burden by 5% and 10%, respectively.  

A pH value in the aqueous-phase sulfur chemistry is fixed in the most simplified methods. 
In the present study the pH value can be given as, 

 
���� = ����� + ���2������� + ������������     (1.6) 

 
where [H+], [SO4

2-], and [HSO3
-(aq)] are hydrogen, sulfate, and sulfurous acid concentrations 

in the aqueous phase, respectively. In the typical pH range (4.0-5.6), the sulfurous acid 
concentration in the aqueous phase is equal to dissolved SO2 concentration in the aqueous 
phase (e.g., Seinfeld and Pandis, 1998). The term [H0

+] is the hydrogen concentration under 
the condition of no sulfur components and is estimated to be 10-5.6. The term f1 is a tunable 
factor set to 0.1 in the present study and the result of global pH distribution is shown in Figure 
1.S1 in the supplement. The weak dependence of the pH on the sulfur components is a better 
expression than the globally fixed pH, so that our improved method assumes the variable 
formulation of pH by equation (1.5).  
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Figure 1.3 A flowchart for aqueous-phase reaction of SO2 in (a) the original SPRINTARS and 

(b) this study. The SO2 in yellow and aqua represent SO2 in the gas-phase and in the 
aqueous-phase, respectively. The pink, aqua, blue, and red circles correspond to the process 
of gas-liquid phase equilibrium through Henry’s law, wet deposition, sulfate production 
reaction, and loop for the calculation in a sub-cycle timestep, respectively. 

 
 
1.2.2. Treatment of oxidants used in the sulfur chemistry 

 
In global aerosol models, oxidants related to the sulfur chemistry are often prescribed 

using results from chemical transport models (e.g., Textor et al., 2006). Simulating the aerosol 
distribution with offline oxidant distribution is very effective to decrease the amount of CPU 
time, but may increase an error in the sulfate simulation. In this respect, the most important 
oxidant to be accurately assumed is probably H2O2 because the H2O2 can strongly affect the 
aqueous-phase concentration of SO2 (e.g., Koch et al., 1999). This offline use of H2O2 
produces an overestimation of supply H2O2 to sulfur oxidations and then an overestimation of 
sulfate aerosol particularly in wintertime urban areas (e.g., Roelofs et al., 1998). In winter, 
wet deposition of H2O2 is known to be the most dominant loss process of H2O2 because both 
OH concentration and actinic radiation are low. Therefore, the wintertime H2O2 concentration 
strongly depends on clouds and precipitation. On the other hand, the H2O2 variability caused 
by clouds and precipitation is neglected in the simulation using the offline H2O2 distribution. 
Furthermore, H2O2 at low temperature prefers to be in the aqueous phase according to 
Henry’s law. Therefore, using the offline H2O2 distribution will cause overestimation of the 
wintertime H2O2. To eliminate this overestimation in winter, the H2O2 in the present 
improved model is treated as a prognostic tracer like in other modeling studies (Roelofs et al., 
1998; Koch et al., 1999; Barth et al., 2000; Boucher et al., 2002). In the atmosphere, the H2O2 
is produced via hydroperoxyl radical (HO2): 

 
(R2-1) HO2 + HO2 + M  H2O2 + O2, 
 

where M represents a third body, which mainly represents water vapor and nitrogen gas. The 
H2O2 is depleted via photo-association: 
 

 
Figure 1.3 A flowchart for aqueous-phase reaction of SO2 in (a) the original SPRINTARS and 

(b) this study.  The SO2 in yellow and aqua represent SO2 in the gas-phase and in the 
aqueous-phase, respectively. The pink, aqua, blue, and red circles correspond to the process 
of gas-liquid phase equilibrium through Henry’s law, wet deposition, sulfate production 
reaction, and loop for the calculation in a sub-cycle timestep, respectively. 
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(R2-2) H2O2 + hv  OH + OH, 
 

where hv represents a dissociation energy, which is provided by the results from a chemical 
transport model, CHASER by Sudo et al. (2002), which has been implemented in the MIROC 
AGCM, every three hour. The H2O2 is also depleted via OH: 
 

(R2-3) H2O2 + OH  H2O + HO2. 
 
The reaction rates in (R2-1) and (R2-3) are estimated by Pitts and Pitts. (1999). The other 

loss pathways for the H2O2 are dry and wet deposition processes and oxidation of SO2 in the 
aqueous-phase. The contribution of the latter process to the total loss process is so small that 
it is not considered for H2O2 cycle in this study. 

Other oxidants (O3 and OH) are still calculated offline in this study, because their 
concentrations are relatively less important than those of H2O2 (e.g., Roelofs et al., 1998) and 
their predictions are beyond the scope of our study. 
 
1.2.3. Dry deposition module for sulfur components 

 
The dry deposition process is important as a loss process of aerosols and their precursors. 

Modeling of this process also varies widely among global aerosol models (Textor et al., 2006). 
Basically, the flux for dry deposition can be expressed as a product of a dry deposition rate 
and a mass mixing ratio. The dry deposition rate is determined by the following three 
resistances: (1) aerodynamic resistance, Ra, (2) quasi-laminar layer resistance, Rb, and (3) 
surface or canopy resistance, Rc (Seinfeld and Pandis, 1998). For particles, it is written by 
Seinfeld and Pandis (1998) and Zhang et al. (2001) as follows: 

 
�� = �

������������
� ��       (1.6) 

 
where Vs is the gravitational settling velocity. For gases, it is written by Seinfeld and Pandis 
(1998) as follows:  
 

�� = �
��������

        (1.7) 
 

Generally speaking, the dry deposition process is very effective for gases and coarse 
particles, whereas it is relatively unimportant for fine particles (Seinfeld and Pandis, 1998). At 
the same time, the dry deposition for gases is mainly determined by both Ra and Rc and that 
for fine particles is mainly determined by Rb (Seinfeld and Pandis, 1998). The Rb depends on 
a surface condition as in Zhang et al. (2001) for sulfate particles and in Wesely (1989) for SO2. 
Especially the Rc for SO2 can be calculated in principle in the model using the surface 
condition and the plant variability. Some models, however, ignore the Rc in equation (7) to 
decrease the amount of CPU time as in the original model in the SPRINTARS model 
(Takemura et al., 2000). On the other hand, the present improved model use above described 
dependences using the monthly distributions of Rc, which is given by off-line calculation of 
the CHASER model. 
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1.3. Model description for SPRINTARS 
 
In this study, we use a global three-dimensional aerosol transport-radiation model, 

Spectral Radiation-Transport Model for Aerosol Species (SPRINTARS), which is described 
in Takemura et al. (2000; 2002; 2005); we give only a brief description in this paper. The 
SPRINTARS model has been implemented in an atmospheric GCM developed by the Center 
for Climate System Research of the University of Tokyo, National Institute for Environmental 
Studies, and the Frontier Research Center for Global Change (K-1 Developers, 2004; 
hereafter referred to as MIROC AGCM). The horizontal resolution of the triangular 
truncation is set to T42 (approximately 2.8° by 2.8° in latitude and longitude) and the vertical 
resolution is set to 20 layers. The time step dt is set to 20 min. The model calculates the mass 
mixing ratios of the main tropospheric aerosols, i.e., carbonaceous aerosol (BC, POA, i.e., 
primary organic aerosol and BSOA, i.e., biogenic secondary organic aerosol), sulfate, soil 
dust, sea salt, and the precursor gases of sulfate, i.e., SO2 and DMS. The particles are treated 
as external mixtures for soil dust and sea salt. For carbonaceous aerosols, the BSOA and 50% 
BC mass from fossil fuel source are treated as externally mixed particles, but other 
carbonaceous particles are treated as internal mixtures of BC and POA. For soil dust and sea 
salt aerosols, mixing ratios are calculated for various size bins. On the other hand, for POA, 
BSOA and sulfate aerosols, the dry mode radii are set to 0.1, 0.08 and 0.0695 µm, 
respectively (Takemura et al., 2005; Goto et al., 2008). These parameters and others are listed 
in Tables 1.1 and 1.2. 
 
 

Table 1.1 Aerosol properties in this model. 

Speciesa Distribution Radius Standard 
deviation 

Hygroscopicityg

Sulfate 1-modalb 0.0695e 2.03e Yes 
POA 1-modalb 0.1e 1.80e Yes 
BSOA 1-modalb 0.08f 1.80f Yes 
BC 1-modalb 0.0118e 2.00e No 
Soil dust Binc On-line On-line No 
Sea salt Bind On-line On-line Yes 

 

a Abbreviations are POA, primary organic aerosol; BSOA, biogenic secondary organic aerosol; BC, 
Black Carbon. 
b Assuming a logarithmic normal size distribution  
c 10 bins ranging from 0.13 m to 8.2 m 
d 4 bins ranging from 0.174 m to 5.62 m 
e Hess et al. (1998) 
f Goto et al. (2008) 
g See Table 1.2 
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Table 1.2 Hygroscopicity in this modela. 

RH (%) 0 50 70 80 90 95 98 99 

Sulfateb 1 1.22 1.37 1.48 1.76 2.26 2.81 3.32 

OAc 1 1.08 1.10 1.44 1.69 1.96 2.74 3.12 

Sea saltb 1 1.07 1.28 1.99 2.38 2.88 3.77 4.69 
 

a Values are aerosol growth factors, defined as the size changes of the particles, as a function of 
relative humidity (RH). 
b The hygroscopicity is set the same in Takemura et al. (2005). 
c OA represents organic aerosols including POA and BSOA. The POA and BSOA have the same 
hygroscopicity as given by Takemura et al. (2002, 2005). 

 
 
The emission inventories for 2000 for aerosols, with their precursors and oxidants, except 

for a precursor of BSOA and SO2 are those described by Takemura et al. (2005). The 
precursor gas of BSOA is assumed to be biogenic monoterpene (C10H16), which is obtained 
from the Global Emissions Inventory Activity (GEIA) database (Guenther et al., 1995), and 
its diurnal emission variation is calculated using temperature dependences. The anthropogenic 
SO2 emission flux in 2000 used in this study is interpolated from: the EMEP emission 
inventory (http://webdab.emep.int/) over Europe, Streets et al. (2003) over Asia, and 
Takemura et al. (2005) in other regions. For comparison with the AEROCOM results, we also 
use the SO2 emission inventory by Dentener et al. (2006). The SO2 emission from continuous 
volcanic eruptions is based on the GEIA database and the SO2 emission from biomass burning 
is based on the GEIA database and Spiro et al. (1992). The DMS emission flux is calculated 
using an empirical relation reported by Bates et al. (1987) as in Takemura et al. (2002) and 
Sudo et al. (2002). To predict the H2O2 mixing ratio in our improved method, offline data for 
three-hour averaged HO2 and hv are calculated by a chemical transport model, CHASER 
(Sudo et al., 2002). Other oxidants (O3 and OH) distributions are also derived from the 
CHASER model. 

The aerosol transport processes include emission, advection, diffusion, sulfur chemistry, 
wet deposition and gravitational settling. The radiation scheme, MSTRN-8, in the MIROC 
AGCM can handle scattering, absorption, and emission by aerosol and cloud particles, as well 
as absorption by gaseous constituents and can calculate the aerosol direct effect (Nakajima et 
al., 2000). The aerosol direct radiative forcing due to anthropogenic aerosols is calculated as 
the difference in net fluxes with and without anthropogenic aerosols under the same 
meteorological conditions by the method of Takemura et al. (2005) and Goto et al. (2008). 
Although the model can calculate the radiative forcing under the clear-sky and the all-sky 
conditions at any vertical levels, in this paper we show only the results under the all-sky 
conditions at the top of atmosphere (TOA) to discuss the sensitivity of the radiative forcing 
among different methods. For calculation of the aerosol indirect effect, we diagnose cloud 
droplet number concentration, liquid water content (LWC), and cloud droplet effective radius 
as described elsewhere (Suzuki et al., 2004; Takemura et al., 2005; Goto et al., 2008).  

All experiments use the monthly-averaged global distributions for sea surface temperature 
and sea ice are provided by the Hadley Centre, UK Met Office (Rayner et al., 2003). For 
proper simulations of the aerosol distribution, all experiments are conducted with nudged 
meteorological fields (wind, water vapor, and temperature) every six-hour. The data are 
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reanalysis data provided by the NCAR/NCEP. All experiments, except for experiments for 
comparison of simulated aerosol mass concentrations with aircraft and ship observations, are 
run for two years (1 January 2002-31 December 2003) after using the first year for spin up.  
 
 
1.4. Sulfate simulation with original and improved methods 

 
In this section, we investigate differences in sulfate simulation between original and 

improved methods of treating sulfur chemistry. The results are studied in order to evaluate the 
effect of following five elements: (1) method of the solution for the aqueous-phase sulfur 
chemistry, (2) timestep to solve the aqueous-phase sulfur chemistry, (3) pH calculation in the 
aqueous-phase, (4) treatment of H2O2 as a prognostic variable, and (5) dry deposition process 
of sulfur components.  
 
1.4.1. Method of solving the aqueous-phase sulfur chemistry 

 
As explained in section 2, the original method calculates sulfate formation by a solution 

of a quasi first-order reaction, that means the H2O2 concentration in the aqueous-phase is 
prescribed and fixed at the initial concentration. However, this assumption cannot be 
applicable in the case of high SO2 concentration because of large consumptions of H2O2 
through the SO2 oxidation. In order to properly predict sulfate concentration, therefore, the 
formation of sulfate through the aqueous-phase sulfur chemistry should be calculated by 
solving a second-order reaction with variable H2O2 concentrations in the aqueous-phase. In 
this study, equations (1.3) and (1.4) with a sub-cycle timestep of 120 sec are used to calculate 
the sulfate concentration. 

When the SO2 concentration is high, we find clear differences in the calculated sulfate 
concentrations between the quasi first-order reaction and the second-order reaction (Figure 
1.4). In case of high SO2 concentrations, the calculated sulfate concentrations by the 
second-order reaction are lower than those by the quasi first-order reaction. The 
overestimation of the sulfate concentration by the first-order reaction is caused by the 
assumption of the open system that allows excess supply of H2O2 from the gas-phase to the 
aqueous-phase. Actually, both the saturation of the sulfate production and the reduction of 
H2O2 by SO2 oxidation often occur in the real atmosphere over urban areas. In case of low 
SO2 concentrations, i.e., above boundary layers and/or over remote areas, on the other hand, 
the calculated sulfate concentrations by the second-order reaction are higher than those by the 
quasi first-order reaction (Figure 1.4). This is because consumed H2O2 concentrations by the 
SO2 oxidation in the aqueous-phase are larger than supplied H2O2 concentrations through 
Henry’s law equilibrium before the step of the SO2 oxidation. Therefore, the sulfate 
concentration by the quasi first-order reaction is underestimated compared to that by the 
second-order reaction. 
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Figure 1.4 An example of predicted sulfate concentrations through the SO2 aqueous-phase 

oxidation during twenty minutes for the conditions of 300 K and 5 ppbv H2O2. The 
x-axis values are initial SO2 concentrations and the y-axis values are sulfate concentration 
formed from SO2 oxidation by H2O2. 

 
 
In this sensitivity analysis we use a relative bias (RB), defined as RB=(S-C)/C, where S 

and C represent results simulated by the simplified and the improved methods, respectively. 
In the present experiments, S represents simulated sulfate concentration with the solution in 
the quasi first-order reaction (hereafter referred to as quasi first-order solution or Q1ST), or 
with the second-order solution with large timestep of dt= 1,200 sec (referred to as coarse 
second-order solution or C2ND), while C represents the simulated value with the analytical 
solution in the second-order reaction with dt= 120 sec (referred to as fine second-order 
solution or CTL). The summaries of the experimental conditions and the results are described 
in Tables 1.3 and 1.4, respectively. Among the results of Q1ST, the largest value of the 
annually averaged RB of the sulfate concentrations near the surface is shown over the 
polluted areas with ranges of +100.7% to +165.7%, as shown in Table 1.4. These values are 
much larger than those in the results of C2ND, because of the assumption of excess supply of 
H2O2 in the aqueous-phase as shown in Figure 1.4. For the sulfate column burden, on the 
other hand, the annually averaged RBs are estimated to be minus almost over the world with 
the global mean value of -26.3% in Q1ST and -11.9% in C2ND, respectively, because of 
underestimated sulfate concentrations at upper heights (above boundary layers) caused by a 
lack of H2O2 in the aqueous-phase in Q1ST as shown in Figure 1.4. As a conclusion, the 
method with Q1ST largely overestimates the predicted sulfate concentration near the surface 
and the differences in the sulfate concentration between Q1ST and C2ND are much larger 
than those between C2ND and CTL. At the same time, the substitution of the quasi first-order 
solution by the second-order reaction increases the sulfate column burden all over the world 
except China. As mentioned later, this difference in the simulated sulfate column burden is 
the largest among all modifications of the sulfur processes in this study. 
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Table 1.3 Experimental designs of comparison using original and improved methods. 

Name of 
experiments 

Solution in 
aqueous-phase 

reactions 

Timestep in 
aqueous-phase 

reactions 

Treatment of 
pH in 

aqueous-phase

Treatment 
of H2O2 in 

the 
simulation 

Dry 
Deposition

Standard experiment 
CTL 2nd-order dt=120 sec Eq.(1.5) Online This study

Solution in aqueous-phase 
Q1ST Quasi 1st–order dt=1200 sec Eq.(1.5) Online This study
C2ND 2nd-order dt=1200 sec Eq.(1.5) Online This study

Timestep in sulfur chemistry 
DT60 2nd-order dt=60 sec Eq.(1.5) Online This study
DT240 2nd-order dt=240 sec Eq.(1.5) Online This study
DT600 2nd-order dt=600 sec Eq.(1.5) Online This study
DT1200 2nd-order dt=1200 sec Eq.(1.5) Online This study

pH calculation 

PH4.5 2nd-order dt=120 sec 
pH=4.5 
 (fixed) 

Online This study

PH5.6 2nd-order dt=120 sec 
pH=5.6 
 (fixed) 

Online This study

PHF96 2nd-order dt=120 sec 
pH used 

 in Feichter et 
al. (1996) 

Online This study

Treatment of H2O2 
H2O2 2nd-order dt=120 sec Eq.(1.5) Offline This study

Dry deposition for sulfur species 
DRYDP 2nd-order dt=120 sec Eq.(1.5) Online Original 

 
  

- 14 -



CGER-I132-2017, CGER/NIES 
 

- 15 - 
 

Table 1.4 Annual mean relative bias (RB), defined as RB=(S-C)/C where S and C represent 
results simulated by the simplified and improved methods: (a) sulfate surface 
concentrations and (b) sulfate column burdens. The simplified methods are different in 
each experiment whose abbreviations are described in Table 1.3. The improved method 
corresponds to the experiment named as CTL in Table 1.3. 

 
(a) Surface concentration in units of percentage 

Experiments Regionsa 
 GL NH SH USA EU CN IN NP CP 
 Solution in aqueous-phase 
Q1ST 70.7  82.5  33.0 100.7 150.2 165.7 105.0  83.4  44.6 
C2ND -16.9  -15.6  -21.0 -17.8 -12.5 -17.7 -9.1  -12.6  -26.4 
 Timestep in sulfur chemistry 
DT60 2.0  1.7  2.9 1.8 0.9 1.3 1.8  1.5  4.3 
DT240 -2.4  -2.0  -3.7 -2.0 -1.0 -1.4 -1.2  -1.8  -5.6 
DT600 -6.8  -5.7  -10.2 -5.3 -2.5 -3.8 -3.9  -7.2  -15.4 
DT1200 -11.2  -9.5  -16.7 -8.8 -4.3 -6.7 -6.3  -11.6  -24.6 
 pH calculation 
PH4.5 -6.4  -5.1  -10.7 -4.0 -1.8 -2.3 -3.5  -5.2  -17.0 
PH5.6 1.5  1.5  1.8 3.1 1.5 3.1 2.3  -3.6  0.9 
PHF96 -1.7  -1.7  -1.6 -2.9 -0.9 -2.6 -1.8  2.0  0.0 
 Treatment of H2O2 
H2O2 6.5  7.7  2.5 17.3 17.1 18.1 1.7  1.6  0.1 
 Dry deposition for sulfur species 
DRYDP -12.0  -12.5  -10.3 -10.6 -11.1 -5.3 -15.2  -16.7  -8.3 

 

a Abbreviations are GL, globe (0°-360°E, 90°S-90°N); NH, northern hemisphere (0°-360°E, 0°-90°N); 
SH, southern hemisphere (0°-360°E, 0°-90°S); USA, the United of States (100°W-60°W, 30°N-45°N); 
EU, Europe (10°E-25°E, 45°N-55°N); CN, China (110°E-125°E, 25°N-45°N); IN, India (65°E-90°E, 
10°N-25°N); NP, northern Pacific ocean (150°W-150°E, 30°N-45°N); CP, central Pacific 
ocean(150°W-90°W, 30°S-10°S). 
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(b) Column burdens in units of percentage. 

Experiments Regionsa 
 GL NH SH USA EU CN IN NP CP 
 Solution in aqueous-phase 
Q1ST -26.3 -18.1 -46.6 -4.3 -8.7 37.4 3.3 -26.7 -57.7 
C2ND -11.9 -11.1 -13.9 -13.9 -11.3 -17.6 -8.6  -7.3  -15.2 
 Timestep in sulfur chemistry 
DT60 1.4  1.2  1.8 1.6 0.9 1.5 1.4 0.6  2.3  
DT240 -1.7  -1.4 -2.3 -1.8 -1.2 -1.6 -1.3  -0.7  -2.8  
DT600 -4.6  -4.0 -6.2 -4.8 -3.2 -4.4 -3.5  -2.9  -7.7  
DT1200 -7.7  -6.6 -10.4 -7.8 -5.4 -7.4 -5.7  -4.2  -12.5 
 pH calculation 
PH4.5 -3.7  -2.9 -5.8 -3.7 -2.3 -2.0 -3.0  -0.5  -7.5  
PH5.6 1.2  1.0  1.5 2.6 1.7 2.7 2.0 -1.7  1.1  
PHF96 -1.3  -1.2 -1.5 -2.4 -1.4 -2.6 -1.8  0.5  -0.9  
 Treatment of H2O2 
H2O2 2.5  2.9  1.4 6.2 7.7 14.4 0.6 1.3  1.0  
 Dry deposition for sulfur species 
DRYDP -11.9 -13.0 -9.0 -12.1 -11.4 -8.5 -16.1 -14.1 -6.8  

 
 
1.4.2. Timestep to solve the aqueous-phase sulfur chemistry 

 
The timestep to solve the SO2 oxidation process in the aqueous-phase is also critical to 

determine the accurate sulfate production. Theoretically, the timestep dt in equations (1.3) and 
(1.4) is required to be very short because both the oxidation rate of SO2 by H2O2 and the rate 
of Henry’s law equilibrium are very fast (e.g., Seinfeld and Pandis, 1998). On the other hand, 
the timestep in the model is limited by resulting computer burdens of the GCM calculation. 
Therefore, the sensitivity tests for different timesteps are required to determine the optimized 
ones for fast yet accurate simulation. The smallest timestep among GCMs is two minutes, so 
that the standard experiment in this study sets to two minutes (dt= 120 sec). For the sensitivity 
experiments, timesteps are set to dt= 600 sec, 240 sec, 60 sec, and 30 sec. These values in the 
sensitivity experiments are used in the sulfur chemistry in other global aerosol models (e.g., 
Feichter et al., 1996; Boucher et al., 2002). 

Firstly, we conduct sensitivity experiments using a box model to calculate the 
aqueous-phase sulfur chemistry. In polluted areas where concentrations exceed 1 ppbv for 
SO2, 3 ppbv for H2O2, and 30 ppbv for O3 concentrations, the RB values are estimated to be 
-47% (dt= 600 sec), -14% (240 sec), +3% (60 sec), and +3% (30 sec), respectively. The 
results indicate that longer timesteps decrease predicted sulfate formations due to insufficient 
supply of gases, especially SO2, from the gas-phase through Henry’s law equilibrium. And the 
results also show that the timestep is enough to be equal to or less than 120 sec. Secondly, we 
calculate global sulfate concentrations with various timesteps as shown in Table 1.4 under the 
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experimental condition described in Table 1.3. Difference in the column burdens of simulated 
sulfate between experiments with the different timesteps is caused by differences in sulfate 
production rates under lower SO2 concentrations, as suggested in the previous subsection. In 
the simulation with dt= 240 sec (DT240 in Tables 1.3 and 1.4), the annually and globally 
averaged RB value of the sulfate concentration near the surface is estimated to be less than 
5%. The magnitude of the RB is smaller than that obtained by the box model calculation, 
because the aqueous-phase reaction occurs only in a cloudy area in the global calculation. The 
additional computer burden caused by using 120 sec instead of 240 sec is estimated to be less 
than 1%. Therefore, the timestep of 120 sec is applicable in the global aerosol model and 
hence it is used in our improved model.  
 
1.4.3. pH calculation in the aqueous phase 

 
The pH in the aqueous phase is also critical to determine not only the reaction rate in the 

SO2 aqueous-phase oxidation but also Henry’s law equilibrium of the gases. At the same time, 
dissolved ions into aqueous phase through Henry’s law determine the pH value. Therefore, 
the pH is an important variable that should be monitored to properly solve the SO2 
aqueous-phase oxidation. In most global aerosol models including the original SPRINTARS, 
the pH values are fixed and set to be 4.5 (Koch et al., 1999; Adams et al., 1999; Park et al., 
2004; Easter et al., 2004; Liu et al., 2005) or 5.6 (Takemura et al., 2000). In polluted areas, for 
example, an acidity in the aqueous-phase is determined by a balance between cations and 
anions; therefore the pH value over polluted areas is lower than that over remote oceans due 
to abundance of sulfate. In order to calculate the change in pH, the pH value in this study is 
calculated online depending on several ion concentrations as in other studies (Feichter et al., 
1996; Boucher et al., 2002; Sudo et al., 2002; Liao et al., 2003). The ion components 
considered are different from each model, so that the expression for the pH is different. In the 
improved method of this study, we calculate the pH value using equation (1.5) as shown in 
section 2. The annually averaged pH value in low-level clouds is lowest in polluted areas with 
a range of 4.2-5.0 and highest in remote oceans with a range of 5.4-5.6, as also shown in 
Figure 1.S1 in the supplement. 

Next, sensitivity tests are performed by giving two different pH prescriptions at 4.5 and 
5.6. We calculate the RB using the result with equation (1.5) as CTL. The annually averaged 
RB values of global sulfate concentrations near the surface are estimated to be -6.4% (pH 4.5) 
and +1.5% (pH 5.6), respectively, as shown in Table 1.4. The signs of the RB values are 
reasonable because a decrease in the pH causes a decrease in the sulfate production (e.g., 
Seinfeld and Pandis, 1998). The magnitude of the RB on a global scale is almost the same as 
that in the polluted areas. In the north Pacific polluted by anthropogenic aerosols from East 
Asia, the annually averaged RB values of surface sulfate concentrations are estimated to be 
-5.2% (pH 4.5) and -3.6% (pH 5.6), respectively. These results indicate that a slight decrease 
in the pH from 5.6 to 4.5 causes a slight decrease in the sulfate concentration everywhere and 
use of the variable pH will cause a decrease in the sulfate concentration in polluted areas and 
an increase in the sulfate concentration in outflow areas. The changes in the simulated sulfate 
concentrations over polluted and outflow areas bring results slightly closer to the observed 
values compared to those with the fixed pH method in the original SPRINTARS, which 
overestimates the sulfate column burdens over polluted areas and underestimates them over 
outflow areas as reported by Takemura et al. (2000). Furthermore, another sensitivity 
experiment is carried out using the variable pH method of Feichter et al. (1996), which 
assumes the relation [H+]=[SO4

2-]+[HSO3
-], as shown in results of PHF96 in Table 1.4. 
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Differences in the simulated sulfate concentrations both at the surface and in the column all 
over the world between PHF96 and CTL are less than 3%. In summary, the results with the 
variable pH expression, equation (1.5) in this study, are slightly better than those with the 
fixed pH of 5.6 and the additional computer burdens for the pH calculation are negligible, so 
the variable pH method with equation (1.5) can be applicable in the global aerosol model. 
 
1.4.4. Treatment of H2O2 as a prognostic variable 

 
H2O2 is also a critical composition to oxidize SO2 in the aqueous-phase to provide sulfate 

in the atmosphere. In GCM run with the SPRINTARS model, the H2O2 distribution is 
provided offline from an independent GCM run with the CHASER model. This offline use of 
H2O2 distribution causes unrealistic variability in the wintertime H2O2 near urban areas due to 
abundant H2O2 (e.g., Koch et al., 1999). To eliminate this problem, the improved method of 
this study treats H2O2 as a prognostic tracer as in several other models (Roelofs et al., 1998; 
Koch et al., 1999; Barth et al., 2000; Boucher et al., 2002).  

For evaluating the method of offline H2O2 distribution, we calculate the RB between 
results with online and offline H2O2 distributions. As suggested by the previous studies such 
as Barth et al. (2000), the RB values using the result with online H2O2 distribution as CTL are 
generally positive as shown in Table 1.4, because of excess H2O2 especially in winter. In 
Europe, for example, the RB of the sulfate concentration near the surface is estimated to be 
+17.1%. As a result, the simulated sulfate concentrations using the online H2O2 distribution 
are underestimated near the surface as compared to observations, as also reported by other 
model studies (e.g., Roelofs et al., 1998). The reason is probably that additional oxidants or 
additional oxidation processes are needed to be implemented or that precipitation and cloud 
distributions in the simulation are not well represented (Roelofs et al., 1998; Boucher et al., 
2002). In summary, even though inclusion of the prognostic H2O2 tracer method does not 
always give better results for sulfate distribution, its treatment in the present study is more 
realistic than that in the simplified method. 
 
1.4.5. Dry deposition process of sulfur components 

 
The dry deposition process in global aerosol models is important especially for accurate 

simulation of gas and coarse particle distributions. Basically, the dry deposition rate for gases 
is determined by three factors, i.e., aerodynamic resistance Ra, quasi-laminar layer resistance 
Rb, and canopy resistance Rc defined in section 2.3, but the original SPRINTARS ignores the 
dependence of the dry deposition rate on term Rc, which can be critical for atmospheric sulfur 
cycle, especially for SO2 (e.g., Seinfeld and Pandis, 1998). To evaluate this approximation, 
we first introduce these three factors as equations (1.6) and (1.7) in the dry deposition process 
of the present improved method.  

We study the impact of SO2 dry deposition using the improved method (as CTL) and the 
original method of SPRINTARS on the sulfate simulation. Table 1.4 shows that annually 
globally averaged RB values of surface sulfate and SO2 concentrations and sulfate column 
burden are calculated to be -12.0% and -11.9%, respectively. In other areas, their values are 
estimated to be at most -20%. For SO2, annually globally averaged RB values of surface 
concentrations and column burden are calculated as -28.3% and -24.4%, respectively. In other 
areas, their values are estimated to be ranging from -30% to -10%. For gases, Rc has a great 
impact on the dry deposition rate. Therefore, ignoring the term Rc for SO2 mainly causes an 
overestimation of dry deposition rate for SO2, and thus we found decreases in the sulfate and 
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SO2 concentrations. In conclusion, we find that differences in the dry deposition modeling 
also have relatively large impacts on the sulfur budget compared to differences in other parts 
of the sulfur process.  
 
 
1.5 Comparison of simulated global sulfate distributions with observation 

 
In this section, we compare simulated sulfate distributions calculated by simplified and 

improved methods with observed values. The simplified methods mentioned above are 
adapted into the original SPRINTARS model (Takemura et al., 2005), so that hereafter we 
call the model OS. We also adapted the improved methods into the SPRINTARS model, and 
hereafter called NS. That means all five elements to investigate impacts of the sulfate 
prediction in the previous section are considered in the NS calculation. 
 
1.5.1. Industrial areas 

 
Figure 1.5 firstly shows results over North America, Europe, and East Asia, which 

include the largest industrial areas in the world and have many measurement sites over North 
America by IMPROVE (http://vista.cira.colosate.edu/IMPROVE/), over Europe by EMEP 
(http://tarantula.nilu.no/projects/ccc/emepdata.html), and over East Asia by EANET 
(http://www.eanet.cc/product.html). The improved method of solving the SO2 aqueous-phase 
oxidation in NS gives a lower sulfate concentration near the surface and higher sulfate column 
burden compared to the simplified model in OS, mainly because of the difference in the 
solution of the aqueous-phase sulfur chemistry as mentioned in section 4. Figure 1.5 indicates 
that over three industrial areas the simulated sulfate concentrations in OS are overestimated 
compared to the observation values, whereas those values in NS are much comparable to the 
observation values. Over North America, for example, the simulation/observation ratios in OS 
and NS are 1.65 and 0.88, respectively. The correlation coefficient in NS is calculated to be 
0.86, whereas that ranges 0.62-0.95 reported by previous studies (Park et al., 2004; Stier et al., 
2005; Koch et al., 2006; Chin et al., 2007). Over East Asia, it should be noted that the 
monitoring sites of sulfate in the EANET observation network here are not available in China 
where the simulated sulfate concentrations in OS are likely to be much higher than those in 
the regional model simulations as suggested by a model intercomparison project (Hollway et 
al., 2008; Figure 1.S2 in the supplement). In conclusion, the results in NS are much better 
than those in OS. The improvement of the surface sulfate concentration in NS probably is 
attributed to the suppression in the sulfate production rate under higher SO2 concentrations, 
which is supported by the previous sensitivity tests. 

 
 

1.5. Comparison of simulated global sulfate distributions with observation
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Figure 1.5 Simulated and observed monthly mean surface mass concentrations of sulfate over (a) 
North America, (b) Europe and (c) East Asia. The black line represents 1:1 line 
between observations and the simulations. The blue and green lines represent linear 
regressions of the simulations in NS and OS, respectively. The Br and R2 values in the 
figure represent a relative bias, defined as a ratio of simulation to observation, and a 
correlation coefficient, respectively. The x-axis values are month and the y-axis values are 
sulfate mass concentrations in µg m-3. 

 
 

 
Secondly, Figure 1.6 shows comparisons between simulated and observed vertical 

profiles of sulfate mixing ratios. The observations include the NASA Transport and Chemical 
Evolution over the Pacific aircraft mission (TRACE-P) conducted in February-April 2001 
over the northwestern Pacific as summarized by Jacob et al. (2003), the Intercontinental 
Chemical Transport Experiment – North America aircraft mission (INTEX-NA) conducted in 
July-August 2004 over North America and the Atlantic summarized by Singh et al. (2006), 
and the Intercontinental Chemical Transport Experiment – B aircraft mission (INTEX-B) 
conducted in the spring of 2006 over Mexico City and the Pacific summarized by Singh et al. 
(2009). In OS, the simulated sulfate mixing ratios near the surface are overestimated, whereas 
those in the levels above 6 km are much underestimated as compared to observed values. 
Figure 1.6 (b), for example, shows the simulated sulfate mixing ratios in OS at altitude of 6 
km are much less than 100 pptv, whereas those in NS are approximately 100 pptv. From these 
comparisons, we conclude that the vertical profiles of simulated sulfate mixing ratios in NS 
are much closer to the observations in comparison with the simulated results obtained from 
OS. The improvement of vertical profiles in NS probably stems from the increase in the 
sulfate production rate under lower SO2 concentrations as shown in section 4.1. 
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Figure 1.6 Vertical profiles of the simulated and observed sulfate mixing ratios during the 

INTEX-A, the INTEX-B, and the TRACE-P. The black, blue, and green lines represent 
the observations, the simulations in NS and OS, respectively. The x-axis is mixing ratio in 
unit of pptv and the y-axis is height in meters. 

 
 

1.5.2. Oceans 
 
In this section, we compare the simulated sulfate field with observations over ocean areas. 

We use datasets including ship measurements conducted by a group of the Pacific Marine 
Environmental Laboratory, NOAA (e.g., Quinn and Bate, 2005) shown in Figure 1.7. As 
shown over lands in the previous subsection, the simulated sulfate concentrations near the 
surface in NS are lower than those in OS and are comparable to the observation values. Over 
oceans near lands, i.e., outflow regions, this tendency is shown in Figure 1.7 (d)-(g), which 
are several ship measurements conducted by the Asian Aerosol Characterization Experiment 
(ACE Asia) around the Japan Sea during March-April 2001 by Huebert et al. (2003), by the 
New England Air Quality Study (NEAQS) during July-August 2002 and 2004, and by the 
Texas Air Quality Study / Gulf of Mexico Atmospheric Composition and Climate Study 
(TexAQS / GoMACCS) in August 2006 (Quinn and Bates, 2003; Bates et al., 2006; Bates et 

 
Figure 1.6 Vertical profiles of the simulated and observed sulfate mixing ratios during the 

INTEX-A, the INTEX-B, and the TRACE-P. The black, blue, and green lines represent 
the observations, the simulations in NS and OS, respectively. The x-axis is mixing ratio in 
unit of pptv and the y-axis is height in meters. 

- 21 -



Chapter 1 A study of uncertainties in the sulfate distribution and its radiative forcing  
associated with sulfur chemistry in a global aerosol model 

- 22 - 
 

al., 2008), respectively. Over remote oceans, on the other hand, the differences in the 
simulated sulfate concentration between NS and OS are very small as shown in Figure 1.7 (a) 
and (c), whose observations are carried out under the first Aerosol Characterization 
Experiments (ACE-1) around the Central Pacific and south of Australia during 
October-December 1995 by Bates et al. (1998a; 1998b) and the Indian Ocean Experiment 
(INDOEX) ship measurement in January-March 1999 by Ramanathan et al. (2001). In other 
remote sites such as Fanning Island located at the central Pacific ocean, the simulated sulfate 
concentrations in both NS and OS are significantly lower than observed values (not shown). 
This underestimation is also shown in the simulated vertical profiles of the sulfate mixing 
ratios compared to observed values on the flight during the TRACE-P and the INTEX-B 
(Figure 1.6). A future study is needed to correct this underestimation especially for better 
estimation of the indirect radiative forcing of anthropogenic aerosols, because we usually 
assume that the background aerosols represent natural aerosols. 
 

 
 

Figure 1.7 Temporal sulfate mass concentrations by measurements in Quinn and Bates (2005) in 
black, simulations of NS in blue and simulations of OS in green, during different 
measurements periods (see text). The x-axis values are date and the y-axis are sulfate 
concentrations in µg m-3. 

 

 
 

Figure 1.7 Temporal sulfate mass concentrations by measurements in Quinn and Bates (2005) in 
black, simulations of NS in blue and simulations of OS in green, during different 
measurements periods (see text) . The x-axis values are date and the y-axis are sulfate 
concentrations in µg m-3. 
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1.6. Sulfur budget estimation 
 
In this section, global budgets of simulated sulfate and SO2 are compared with other 

modeling studies. Figure 1.1 shows that the results of NS are more consistent with those of 
other AEROCOM models with its larger both sulfate column burden and fraction above 5 km, 
whereas OS, i.e., the original SPRINTARS model, are the lowest among AEROCOM models, 
because NS generally suppresses the sulfate formation at the surface and increases the sulfate 
formation in the upper atmosphere above approximately 6 km as shown in section 5. It should 
be noted that the fraction of the simulated sulfate column burden in the polar region above 80° 
degree is estimated to be 1.6% in NS which is larger than 0.3% in OS, though the magnitude 
in NS is still smaller than those of other AEROCOM models by 2-6% (Textor et al., 2007). In 
conclusion, these improvements of consistency of NS with other AEROCOM models in the 
vertical and horizontal distributions of sulfur compounds seem to be related with each other, 
even though the differences in the global sulfate distribution between NS and other 
AEROCOM models exist. For example, our simulation with MIROC-AGCM tends to have 
larger sulfate concentrations over low latitudes and smaller ones over high latitudes compared 
to other AGCM simulations presented by Liao et al. (2003). The sulfate distribution depends 
on sulfur chemistry, deposition (mainly wet deposition), and transport (e.g., Rasch et al., 
2001). After the modification of the sulfur chemistry, differences in the sulfate distribution 
still remain, so that they are probably caused by differences in wet deposition and transport. 
The wet deposition depends not only on the radius and wet growth of the particles but also on 
precipitation flux, cloud fraction, and advection of aerosol. As we mentioned in section 1, the 
difference in the radius and wet growth of sulfate aerosols among sulfur chemistry models is 
not so large. Therefore, the differences in the sulfate concentrations over low latitudes are 
caused by (1) cloud and precipitation, which are determined mainly by schemes of the 
boundary layer and/or the cloud and precipitation, and (2) transport pattern, which is 
determined by schemes of the boundary layer and advection; but a detailed study is our future 
work. 

Table 1.5 shows global budgets of sulfur components (DMS, SO2, and sulfate) obtained 
in NS and OS. Even the differences in the processes of DMS oxidation and its dry deposition 
between NS and OS exist, the difference in the production amount of SO2 by DMS oxidation 
is within 10%. Therefore, total SO2 emissions in NS are almost same as those in OS. The 
following four loss processes of SO2 are considered in NS and OS: SO2 oxidation by OH in 
the gas phase, SO2 oxidation by H2O2 and O3 in the aqueous phase, dry deposition, and wet 
deposition by precipitation. Among these processes, the gas-phase oxidation of SO2 in NS is 
almost same as that in OS as estimated to be 17.4 [TgS yr-1] (19% for the total SO2 loss 
process) in NS and 16.5 [TgS yr-1] (18% for the total SO2 loss process) in OS, which are 
within the uncertainty among other model estimates 5.7-22.0 [TgS yr-1] (references in Figure 
1.8). On the other hand, a large difference between NS and OS occurs in the SO2 
aqueous-phase oxidation, and wet deposition and dry deposition. In OS, SO2 budgets for 
aqueous-phase reaction and wet deposition are estimated to be 19.9 [TgS yr-1] (22% for the 
total SO2 loss process) and 21.2 [TgS yr-1] (23% for the total SO2 loss process), respectively, 
whereas those are estimated in NS to be 43.7 [TgS yr-1] (48% for the total SO2 loss process) 
and 5.0 [TgS yr-1] (5% for the total SO2 loss process), respectively. The differences are 
mainly caused by a difference in the sulfate production efficiency. As a result, a correlation of 
the simulated SO2 budgets in NS between wet deposition and aqueous-phase reaction is much 
closer to that by other modeling studies (see Figure 1.2). In the other modeling studies, the 
SO2 budget is estimated to be 15.2-55.5 [TgS yr-1] for the aqueous-phase reaction and 

- 23 -



Chapter 1 A study of uncertainties in the sulfate distribution and its radiative forcing  
associated with sulfur chemistry in a global aerosol model 

- 24 - 
 

0.2-19.9 [TgS yr-1] for the wet deposition, respectively (references in Figure 1.8). In the dry 
deposition, the SO2 flux in OS is the largest amount (35.0 [TgS yr-1] or 38% for the total SO2 
loss process) in the SO2 loss processes mainly because the dry deposition rate in OS is 
overestimated due to lack of the term Rc. After inclusion of the term Rc to the dry deposition 
process in NS, the SO2 budget for dry deposition becomes to be 25.9 [TgS yr-1] (28% for the 
total SO2 loss process), which is consistent with other model estimates 22.7-55.0 [TgS yr-1] 
(references in Figure 1.8). Model estimates of the global annual SO2 budget are illustrated in 
Figure 1.8 in terms of the four main processes. Finally the sulfate production rates from SO2 
oxidation are estimated to be 37.6 [TgS yr-1] in OS and 61.1 [TgS yr-1] in NS, respectively, 
whereas other model estimates are in the range of 26.2-67.6 [TgS yr-1] (references in Figure 
1.8). The ratio of the sulfate wet deposition to the sulfate total loss processes is estimated to 
be 85% in OS and 88% in NS, so that the contribution is almost equal to each other even 
though more physical-based dry deposition model for the sulfate is used in NS.  

Figure 1.9 shows ratios of simulated SO2 flux in the aqueous-phase reaction in summer to 
that in winter in three industrial areas using NS, OS and models used in the COSAM 
comparison, which estimates averaged budget of simulated SO2 using different ten model 
results (Roelofs et al., 2001). In OS, winter-time aqueous-phase reaction fluxes are generally 
so large that the ratio becomes smaller than those of NS and the COSAM comparison. This 
low value in OS is caused by the treatment of use for offline H2O2 distribution as mentioned 
in section 4.4. The ratio reflects a seasonal variation of SO2 aqueous-phase oxidation, so that 
we also find a big difference in the seasonality between the simplified and improved sulfur 
schemes. 
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Figure 1.8 Global annual mean SO2 budget in this simulations: LR91 (Langner and Rodhe, 

1991), P95 (Pham et al., 1995), C96 (Chin et al., 1996), F96 (Feichter et al., 1997), 
C97 (Chuang et al., 1997), K99 (Koch et al., 1999), R00 (Rasch et al., 2000), T00 
(Takemura et al., 2002), C00 (Chin et al., 2000), AS02 (Adams and Seinfeld, 2002), 
T02 (Takemura et al., 2002), B02 (Boucher et al., 2002), L03 (Liao et al., 2003), E04 
(Easter et al., 2004), B04 (Berglen et al., 2004), RD04 (Rodriguez and Daddub, 
2004), S05 (Spracken et al. 2005), L05 (Liu et al., 2005), K06 (Koch et al., 2006), B07 
(Bauer et al., 2007), and V07 (Verma et al., 2007), respectively. The NS and OS 
represent simulations in this study and the original SPRINTARS. The AVE represents 
averaged values. 

 
 

 
Figure 1.9 Ratios of SO2 aqueous-phase oxidation flux in summer to that in winter over three 

industrial regions using the COSAM exercises, OS and NS, respectively. 

 

 
Figure 1.9 Ratios of SO2 aqueous-phase oxidation flux in summer to that in winter over three 

industrial regions using the COSAM exercises, OS and NS, respectively. 
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Table 1.5. Global budgets (TgS yr-1) of sulfur components (DMS, SO2 and sulfate) in the 
simulations using NS and OS. The figures in blankets represent contributions to the 
total budget. 

 
 OS NS 
DMS   
 Emission +17.0 +16.9 
  Emission from ocean +17.0 (100%) +16.9 (100%) 
 Loss process -17.0 -16.9 
  Oxidation by OH (to SO2) -15.5 (91%) -16.9 (89%) 
  Oxidation by OH (to aerosol) -0.0 (0%, as SO4

2-) -1.9 (11%, as MSA) 
  Dry deposition -1.5 (9%) 0 (0%) 
SO2   

 Emission +92.5 +92.0 
  Fossil fuel combustion +69.3 (75%) +69.3 (75%) 
  Biomass burning +2.9 (3%) +2.9 (3%) 
  Volcano +4.8 (5%) +4.8 (5%) 
  DMS oxidation +15.5 (17%) +15.0 (17%) 
 Loss process -92.5 -92.0 
  Gas-phase oxidation -16.5 (18%) -17.4 (19%) 
  Aqueous-phase oxidation -21.1 (23%) -43.7 (48%) 
  Wet deposition -19.9 (22%) -5.0 (5%) 
  Dry deposition -35.0 (38%) -25.9 (28%) 
Sulfate   
 Production +37.6 +61.1 
  SO2 gas-phase oxidation +16.5 (44%) +17.4 (28%) 
  SO2 aqueous-phase oxidation +21.1 (56%) +43.7 (72%) 
 Loss process -37.6 -61.1 
  Wet deposition -31.8 (85%) -53.5 (88%) 
  Dry deposition -5.8 (15%) -7.6 (12%) 
  Gravitational settling 0.0 (0%) -0.0 (0%) 

 
 
1.7. Aerosol direct radiative forcing 
 

In this section we discuss an evaluation of the aerosol optical and radiative fields, i.e., 
aerosol optical thickness (AOT) and aerosol direct radiative forcing (ADRF). Figure 1.10 
shows annually averaged global AOT distributions simulated by both NS and OS and 
observed by both Terra/MODIS and Terra/MISR. Large differences are found over oceans, 
where the satellite-observed AOT is more than at least 0.1, whereas the simulated AOT is 

Table 1.5. Global budgets (TgS yr-1) of sulfur components (DMS, SO2 and sulfate) in the 
simulations using NS and OS. The figures in blankets represent contributions to the 
total budget. 
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generally less than 0.1. There are several problems for accurate evaluation of AOT over ocean 
with both simulation and satellite observation. With regard to satellite observation, the 
retrieval of the AOT over oceans often suffers from cloud and whitecap contaminations and 
an ill assumption of the aerosol optical properties and sphericity of the particle shape (e.g., 
Chin et al., 2002; Chu et al., 2005). Especially the former two reasons lead to an 
overestimation of the retrieved AOT over oceans, especially the North Pacific and South 
Pacific. Chu et al. (2005) suggests that the retrieved AOT from MODIS tends to be positively 
biased in the dusty conditions. Additionally Winker (2008) showed differences in the 
retrieved AOT from MODIS and CALIPSO (Cloud-Aerosol Lidar and Infrared Pathfinder 
Satellites Observations) and pointed out remarkable overestimations of the AOT from 
MODIS in the AOT ranging from 0 to 0.1. On the other hand, SPRINTARS and most GCMs 
also have problems to simulate AOT especially over oceans (e.g., Takemura et al., 2002; 
Kinne et al., 2006; Yu et al., 2006). It seems that most GCMs underestimate background 
aerosols or transported aerosols from continents. 

 
 

 
 

Figure 1.10 Annual mean AOT distributions observed by (a) Terra/MODIS, (b) Terra/MISR, (c) 
NS and (d) OS, respectively, for the year 2003. 

 
 

Figure 1.11 shows a histogram of the simulated and observed annual mean AOT for each 
area. In both Figures 1.10 and Figure 1.11, we find improvements of the simulated AOT in 
NS around areas such as Northeastern America, the North Atlantic, Europe, Eurasia continent, 
the North Pacific, the Central Pacific, the coast of Africa to the Atlantic, and the Arctic. The 
AOT in NS is higher than the AOT in OS by 0.01-0.05, because of the increase in the sulfate 
column burden. These differences are also discussed in terms of the column burden in section 
5. The magnitudes of this difference between NS and OS are smaller than those among 
different satellites. In other areas especially tropical and subtropical areas, i.e., India, 
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Southeast Asia, South Asia, and Mexico, the AOT in NS rather than in OS tends to be larger 
than the satellite-observed AOT by at most 0.1. As discussed in section 6, comparisons with 
other model results also suggest that this overestimation of AOT in NS is caused both by the 
overestimation of the sulfate concentrations and by the tendency in our GCM of high 
gradients of the aerosol distribution from the equator to the Poles at high altitudes. The latter 
means that simulated aerosols in the MIROC AGCM tend to concentrate around the low 
latitudes. Over these areas, it is difficult for AGCM to accurately simulate fields of clouds and 
precipitation and then to accurately simulate sulfate formation in the aqueous-phase and 
relative humidity (RH), which can also determine AOT. At the same time, the observed AOT 
over such areas can relatively be uncertain due to the presence of large clouds. Around the 
clouds, satellite-observed AOT tends to be larger with suffering from difficulty of retrieval 
mainly due to 3-D radiation bias (Wen et al., 2007). That means that the satellite-observed 
AOT near the cloudy areas is still highly uncertain, and therefore it is concluded that the 
validation of the simulated AOT using satellite-observed AOT over the tropics and the 
subtropics is relatively difficult. 

Global annual mean ADRFs due to anthropogenic sulfate in NS and OS are compared 
with other studies. The ADRFs due to anthropogenic sulfate are estimated to be 0.35 W m2 
by the AEROCOM exercises (Schulz et al., 2006) and 0.4±0.2 W m2 by the IPCC-AR4 
assessment (Forster et al., 2007), respectively. The ADRF for NS is estimated to be 0.26 W 
m2, whereas that for OS is estimated to be 0.18 W m2. Using the AEROCOM emission 
inventory provided by Dentener et al. (2006), the ADRFs for NS and OS are estimated to be 
0.30 W m2 and 0.21 W m2, respectively. The difference in the ADRF for NS and OS is 
large enough for us to conclude that the improvement of the sulfur scheme is important for the 
estimation of the ADRF due to sulfate. The improvement brings increases in the simulated 
sulfate column burden and then causes increases in the ADRF due to sulfate. This is why the 
differences in the simulated ADRF for NS and the other models are reduced with respect to 
those between OS and the other models (see Figure 1.1). Judging from the validation of the 
simulated sulfate in NS and OS in section 5, we can conclude that the sulfate simulations in 
NS are much better than those in OS; therefore the simulated ADRF for NS is more reliable 
than that for OS. In addition, we can also conclude that the nature of the sulfur scheme has a 
large contribution to the uncertainty for the ADRF estimation. 

The annual averaged ADRF due to anthropogenic sulfate for NS and the difference in the 
ADRFs between NS and OS are shown in Figure 1.12. The improvement of the sulfur scheme 
causes decreases in the ADRF over China with a range of 0.2-1 W m2, whereas it causes 
increases in the ADRF near aerosol source areas such as North America and Southeast Asia 
with ranges of 0.5-1 W m2 and usually over land with ranges of 0.2-0.5 W m2, respectively. 
The big change in the radiative forcing over East Asia is mainly caused by the difference in 
the solution in the sulfur aqueous-phase reaction as shown in Table 1.4. Over oceans, the 
ratios of the differences between NS and OS exceed 2, so that the impacts of the new module 
are large. 

In summary, the improvement of the sulfur scheme has a large impact on the radiative 
forcings. This study suggests that these improvements of the basic components in sulfur 
simulations are important not only for their proper simulations but also for their radiative 
impacts through the aerosol direct effect.  
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Figure 1.11 Histograms of annual mean AOT calculated by two simulations (NS in blue and OS 

in green) and in the satellite observations (Terra/MODIS in black, Aqua/MODIS in 
light grey, and Terra/MISR in grey). The regions are West America (120°W-85°W, 
15°N-55°N), East America (85°W-60°W, 15°N-55°N), North Atlantic (60°W-30°W, 
15°N-55°N), Southeast Atlantic (25°W-5°E, 25°S-5°E), West Europe (15°W-20°E, 
35°N-65°N), East Europe (20°E-55°E, 35°N-65°N), India (60°E-90°E, 0-30°N), 
Southeast Asia (90°E-125°E, 10°S-25°N), Japan (125°E-150°E, 15°N-45°N), North 
Pacific (160°E-140°W, 30°N-50°N), Central Pacific (150°E-130°W, 10°S-10°N), China 
(100°E-125°E, 25°N-45°N), Russia (50°E-100°E, 45°N-65°N), Amazon (70°W-40°W, 
40°S-0), Mexico (110°W-80°W, 5°N-15°N), the globe (60°S-60°N), the NH (0-60°N) 
and the SH (0-60°S). The x-axis values are AOT values and the y-axis values are values 
of normalized frequency. 
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Figure 1.12 Annual mean aerosol radiative forcings due to anthropogenic sulfate components in 

(a) OS, (b) NS, and (c) the difference between NS and OS. 
 
 
1.8. Conclusions 

 
One of the most important contributors of the anthropogenic aerosol radiative forcing is 

the sulfate aerosol, because both the results given by Schulz et al. (2006) and Figure 1.1 
suggest that the uncertainty of radiative forcings due to anthropogenic aerosols are largely 
derived from the differences in the sulfate column burden and its vertical distributions. One of 
the possible reasons of the differences among models is that models adopt different simplified 
methods or different approximations of the sulfur processes. In this study, therefore, we 
investigated impacts of different parts in the sulfur chemistry module of a global aerosol 
model, SPRINTARS, on the sulfate distribution and its radiative forcing. We used simplified 
and more physically based methods of representing sulfur chemistry processes especially SO2 
reactions in the aqueous-phase, H2O2 chemistry, and dry deposition process of sulfur 
components. The results showed that the difference in the aqueous-phase sulfur chemistry 
calculation among these treatments had the largest impact on the sulfate distribution with a 
relative bias of 70-160%. The impact of the difference in the pH calculation in the aqueous 
phase among this study was the smallest with a relative bias of less than 5%. The other 
treatments had relative biases of at most 20%. Introduction of all the improvements 
mentioned above gave lower sulfate concentrations near the surface and higher sulfate column 
burdens compared to the original method used in the SPRINTARS model. That means that 
the model results become more comparable to in-situ measurements than those in the original 
method. At the same time, these improvements also led the computed sulfate column burdens 
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and its vertical distributions in good agreement with other AEROCOM model values. As a 
result, the global annual mean aerosol direct radiative forcings (ADRFs) due to anthropogenic 
sulfate was estimated to be 0.3 W m2, whereas that in the original SPRINTARS was 0.2 
W m2. The magnitude of the difference in the ADRF between original and improved 
methods was approximately 50% of the uncertainty among estimates by the world's global 
aerosol models reported by the IPCC-AR4 assessment report. Findings in the present study, 
therefore, may suggest that the model differences in the simplifications of the sulfur processes 
are still a part of the large uncertainty in their simulated radiative forcings.  
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Supplement 
 
 

 
 

Figure 1.S1 Annual mean simulated pH in the clouds (sigma >0.8) in this study. 
 
 
 

 
 

Figure 1.S2 Monthly-averaged sulfate surface mass concentrations over East Asia. 
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Abstract 
 

Shortwave direct aerosol radiative forcing (DARF) is derived at the top-of the atmosphere 
(TOA) and at the surface under clear-sky, cloudy-sky, and all-sky conditions using data of 
space-borne CALIOP lidar and MODIS sensor. We investigate four scenarios for evaluating 
the DARF: clear-sky, the case that aerosols exist above clouds, the case that aerosols exist 
below high-level clouds, and the case that aerosols are not detected by CALIOP in cloudy-sky 
condition. The cloudy-sky DARF is estimated by the latter three scenarios. The all-sky DARF 
is the combination of clear-sky and cloudy-sky DARF weighted by the cloud occurrence. 
They are then compared with DARF calculated by a global aerosol model, SPRINTARS. The 
results show that the TOA forcing over desert regions caused by dust with single scattering 
albedo (SSA) of 0.92 is positive regardless of cloud existence, due to high solar surface 
albedo. Off southern Africa, smoke aerosols with SSA of 0.84 above low-level clouds are 
observed and simulated and the annual mean TOA cloudy-sky DARF is estimated at more 
than +3 Wm2, as consistent with past studies. Aerosols with SSA of 0.96 within optically 
thin clouds cause a TOA negative forcing, while that within optically thick clouds cause a 
TOA positive forcing. This indicates that aerosols within optically thick clouds cause positive 
forcing in our radiative transfer calculation, regardless of SSA. Annual zonal averages of 
DARF from 60°S to 60°N under clear-sky, cloudy-sky, and all-sky are 2.97, +0.07, and 
0.61 Wm2 from CALIOP, and 2.78, +1.07, and 0.58 Wm2 from SPRINTARS. 
 
Keywords: Aerosol, shortwave direct aerosol radiative forcing, SPRINTARS, CALIPSO 
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2.1. Introduction 
 

Anthropogenic and natural aerosols affect the Earth’s radiation budget both directly and 
indirectly. The aerosol direct effect occurs by direct scattering and absorption of solar and 
thermal radiation. The aerosol indirect effect is caused by the influence of aerosols that 
change the cloud microphysical and optical properties, amount, and lifetime by acting as 
cloud condensation nuclei. There are still large uncertainties in the aerosol radiative forcing 
calculated by various global aerosol models that estimate the aerosol climate effects (Schulz 
et al., 2006; IPCC 2007). One of the uncertainties in the evaluated radiative forcing for the 
aerosol direct effect is the effect of vertical stratification of aerosols and clouds. Previous 
studies suggest that the direct aerosol radiative forcing (DARF) significantly depends on the 
amount of aerosols loaded above the cloud layer. In particular, absorbing aerosols as emitted 
from biomass burning above clouds produce a large positive forcing off southern Africa and 
South America (Keil and Haywood, 2003; Takemura et al., 2005). Haywood et al. (2004) 
used measurements of the vertical profiles of aerosols and clouds off the coast of southern 
Africa from aircraft to demonstrate that MODIS retrievals exhibit a low bias in cloud optical 
depth and cloud effective radius. De Graaf et al. (2012) used data of passive satellite 
spectrometry from the ultraviolet to the shortwave infrared for estimating the aerosol solar 
absorption by the above-cloud aerosols. The cloud optical properties are retrieved using three 
channels in shortwave infrared for calculating the cloud reflectance in the modeled 
aerosol-free condition. DARF is estimated by the difference of the cloud reflectance between 
measurement and modeled aerosol-free calculation. They reported that DARF of the 
above-cloud absorbing aerosols off south Africa is +23 Wm2 in August 2006. 

In April 2006 the Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observations 
(CALIPSO) satellite was launched with the space-borne lidar, CALIOP (the Cloud-Aerosol 
Lidar with Orthogonal Polarization), as one of the NASA Earth System Science Pathfinder 
(ESSP) programs. CALIOP, for the first time, provides us with global data of aerosol and 
cloud vertical profiles (Winker et al., 2003, 2009, 2010). Clouds and aerosols are 
discriminated using a combination of 532 nm backscatter magnitude and attenuated color 
ratio, which is the ratio of 1064 and 532 nm of attenuated backscatter intensity (Liu et al. 
2009). The profiles of extinction coefficients for clouds and aerosols are retrieved from 
extinction retrieval algorithms (Young and Vaughan, 2009). CALIOP can detect and retrieve 
aerosols above clouds (Winker et al., 2010). These aerosols are unable to be detected from 
ground-based lidar measurements. 

Chand et al. (2009) evaluated the aerosol direct effect over the Atlantic Ocean off 
southwest Africa using aerosol optical thickness (AOT) of aerosols above low-level optically 
thick clouds quantified by retrieval methods of Hu et al., (2007) and Chand et al., (2008). This 
paper reported that the DARF largely depends on the fractional coverage and albedo of the 
underlying clouds. Thus, cloud and aerosol profiling is significantly important for an accurate 
evaluation of the aerosol direct effect. 

We calculate the shortwave (SW) DARF of the total (natural plus anthropogenic) aerosols 
using aerosol and cloud distributions of both CALIOP observation and global aerosol 
modeling with the Spectral Radiation-Transport Model for Aerosol Species (SPRINTARS) 
(Takemura et al., 2000, 2002, 2005) for a year, 2007.  
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2.2. Data 
 
Monthly mean values of observation data and simulation results are used for calculating 

the SW DARF between 60°S and 60°N each month in 2007. Aerosol and cloud fields from 
60°S to 60°N are obtained from CALIOP and Moderate Resolution Imaging 
Spectroradiometer (MODIS) sensors throughout the year. We needed to cut the high latitude 
region off from our analysis, because we cannot get MODIS cloud optical thickness (COT), 
which is necessary for all-sky DARF calculation (see section 2.3.2). We can explore higher 
latitudes up to 70°, but the sampling becomes uneven depending on the season and the 
resulting map may not be useful for the community. On the other hand the model can 
compute DARF in any zone of the globe, and we omit the same high latitude for the sake of 
comparison with satellite values. 
 
2.2.1. Data for the observation DARF 

 
The CALIOP’s laser produces linear polarized pulses at two wavelengths (532 nm and 

1064 nm) from a near nadir-viewing geometry during both day and night phases of the orbit, 
after that, its receiver measures total backscattered intensity at 1064nm, and two orthogonal 
polarized components at 532 nm.  

We use the CALIOP Level 2 Cloud and Aerosol Layer Products Version 2 
(https://eosweb.larc.nasa.gov/project/calipso/calipso_table) of 5 km horizontal resolution. 
They provide the properties of the atmospheric features (e.g. cloud and aerosol layers). We 
use AOT at 532 nm, cloud optical thickness (COT), aerosol and cloud layer top and base 
altitudes, the cloud-aerosol discrimination (CAD) score, and the feature type of aerosols and 
clouds. The CAD Score, in the range between -100 and 100, is the value of quality assurance 
of discrimination between aerosol and cloud for each layer (Liu et al., 2009). The atmospheric 
feature is classified as aerosol when the CAD score is negative, whereas it is classified as 
cloud when the score is positive. The higher the absolute value of CAD score, the more 
confident the classification of the feature is. The success ratio of classification of aerosols and 
clouds is larger than 90% and 83% of the classified aerosols, and 95% of the classified clouds 
have the absolute value CAD score, which is greater than 70 (Liu et al., 2009). In this study, 
aerosol and cloud layers are defined when the absolute value of CAD score is higher than 70 
for the quality assurance of the aerosol and cloud data. Kittaka et al. (2011) compare 
CALIPSO Version 2 AOT and Aqua MODIS Collection 5 AOT. The global mean of MODIS 
AOT which is collocated with CALIOP AOT is 0.08 to 0.12, depending on the cloud clearing 
applied. When the most stringent cloud clearing is used, the global means of collocated 
CALIPSO and MODIS AOT are in agreement, and the differences of AODs are 0.007 and 
0.012 over ocean and land, respectively. However, it was found that CALIOP AOT is lower 
than MODIS AOT over China, Middle East, and Europe and CALIOP AOT is higher than 
MODIS AOT over central and southern Africa.  

Aerosol layers in the CALIOP data files are classified as one of the six CALIOP aerosol 
types (Omar et al., 2009), while cloud layers are classified into two types: water or ice. The 
six CALIOP aerosol types are desert dust, smoke, clean continental, polluted continental, 
marine, and polluted dust. For computation of forcing from the CALIOP observations, 
refractive indices and size distributions of the six aerosol types of the CALIOP aerosol model 
(Omar et al., 2009) and cloud particles (water and ice) were used. The external mixture is 
assumed for each aerosol and cloud component. Single scattering albedo (SSA) of aerosol 
particles are calculated with reference to refractive indices and size distributions of aerosols of 
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CALIOP model and SPRINTARS. Mean radius, geometric standard deviation (GSD), and 
calculated SSA of each aerosol component are listed in Table 2.1. The SSA derived from the 
CALIOP aerosol models are not always realistic. For example, the SSA of the clean 
continental model is smaller than that of polluted continental mode; that of the mineral dust 
aerosol model is smaller than recent reports from passive satellite remote sensing and ground 
based measurements (Kaufman et al., 2001; Dubovik et al., 2002; Yoshida and Murakami, 
2008). Further, a fixed lidar ratio is assigned to each of the CALIOP aerosol models, so that 
the spatial and temporal variations of the aerosol components are not taken into account. 
These are the limitations of this type of lidar retrieval. If the value of the lidar ratio is not 
realistic, the estimated AOT will be incorrect. The SSA and asymmetry factor (g) may also 
have errors. The larger uncertainties will be caused by the increasing number of aerosol types 
to cover local variation of aerosols. It might be pointed out, however, that the error 
propagation to the evaluated DARF at TOA will be eased by the cancellation between errors 
in assumed aerosol optical properties and in retrieved lidar AOT. In case of overestimation of 
the aerosol imaginary index, then the AOT becomes overestimated, so that decreasing TOA 
DARF due to overestimated absorption effect and increasing TOA DARF due to 
overestimated AOT tend to cancel each other out. As far as we use the same CALIOP aerosol 
optical model in this study, the optical properties of the CALIOP product are consistent with 
the estimated TOA DARF through the radiative transfer calculation. If we use other aerosol 
optical models, we get rather larger errors in the DARF estimation because of the 
inconsistency of the optical models used in the lidar retrieval and in the radiative transfer 
calculation. Therefore, we use the CALIOP aerosol model for our broadband radiative flux 
calculation for estimation of the DARF.  
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Table 2.1 Mean radius, geometric standard deviation (GSD), and single scattering albedo (SSA) 
of the CALIOP aerosol model and SPRINTARS aerosol particlesa. 

 

a The wavelength of SSA of CALIOP is 532 nm and that of SPRINTARS is 550 nm. The size 
distribution of CALIOP is the bimodal lognormal size distribution, which has fine mode (f) and 
coarse mode (c) (Omar et al., 2009). Mean radius of SPRINTARS is that of dry particle (Takemura 
et al., 2005). 

 

 

Optically thick clouds with COT larger than about 3 completely attenuate the lidar beam, 
thus, the CALIOP lidar is unable to detect aerosols and clouds under the cloud top of an 
optically dense cloud layer. Instead we use the COT derived by a passive satellite sensor, i.e., 
MODIS. The MODIS sensor, aboard the NASA Earth Observing System Terra and Aqua 
satellites, measures radiances in 36 channels including infrared and visible bands with spatial 
resolution between 250 m and 1 km. MODIS-derived COT in the MYD08_M3 product is 
applied to the CALIOP cloud profile when aerosols exist above clouds (above-cloud case) in 
the radiation calculation from observation (see section 2.3.2). Previous studies reported that 
the aerosol absorption above clouds cause the underestimation of COT in the satellite 
retrievals (Haywood et al., 2004; Coddington et al., 2010). In this study, we ignore this effect, 
because the underestimation of observed COT would not change our conclusions (see section 
2.4.1.2).  

In the analysis and radiation calculations, aerosol and cloud products are averaged to a 
horizontal resolution of 1°×1°. 
 
  

CALIOP SPRINTARS 

 Mean 

Radius (m) 

GSD SSA 

(532 nm) 

 Mean 

Radius 

(m) 

GSD SSA 

(550 nm) 

Dust 0.1165 (f) 

2.8329 (c) 

1.4813 (f) 

1.9078 (c) 

0.92 Dust 4.0 2.5 0.91 

Smoke 0.1436 (f) 

3.726 (c) 

1.5624 (f) 

2.1426 (c) 

0.83 BC 0.0499 2.0 0.17 

Clean 

Continental 

0.20556 (f)

2.6334 (c) 

1.61 (f) 

1.8987 (c) 

0.90 OC 0.0282 1.8 1.00 

Polluted 

Continental 

0.1577 (f) 

3.547 (c) 

1.5257 (f) 

2.065 (c) 

0.93 Sea Salt 2.12 2.51 1.00 

Clean 

Marine 

0.150 (f) 

1.216 (c) 

1.600 (f) 

1.600 (c) 

0.99 Sulfate 0.313 2.03 1.00 

Polluted 

Dust 

0.1265 (f) 

3.1617 (c) 

1.5112 (f) 

1.9942 (c) 

0.85     
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2.2.2. Data for the GCM model DARF 
 
The aerosol radiation and transport model, SPRINTARS, is coupled with an atmospheric 

general circulation model (AGCM) of the Center for Climate System Research (CCSR), 
University of Tokyo, National Institute for Environmental Studies (NIES), and Frontier 
Research Center for Global Change (FRCGC) (K-1 Model Developers, 2004). This AGCM is 
the atmospheric component of the Model for Interdisciplinary Research on Climate (MIROC) 
and has been contributing to various climate researches and assessments including the 
Intergovernmental Panel on Climate Change Fourth Assessment Report (e.g., Lin et al., 2006). 
MIROC-SPRINTARS calculates mass mixing ratios of the main tropospheric aerosols, that is, 
carbonaceous aerosol (black carbon (BC) and organic carbon (OC)), sulfate, soil dust, sea salt, 
and the precursor gases of sulfate (sulfur dioxide (SO2) and dimethylsulfide(DMS)) 
(Takemura et al., 2000, 2002, 2005). The aerosol transport processes include emission, 
advection, diffusion, sulfur chemistry, deposition, and gravitational settling. Takemura et al. 
(2002) reported that the simulated seasonal and geographical distribution patterns of aerosols 
are consistent with AVHRR retrievals. Seasonal mean biases of AOT are less than 30% at 
most AERONET sites. The time variation of the simulated Ångström exponent is consistent 
with AERONET results. The simulated SSA is lower than that of AERONET over the 
Saharan desert, and higher than over industrial regions. Therefore, Takemura et al. (2005) 
used a quarter of the imaginary part for soil dust as proposed by Deepak and Gerber (1983) 
and calculated the direct and indirect effects of anthropogenic aerosols.  

In this study, aerosol emissions are the same as those in Takemura et al. (2005). Model 
simulation is performed with a horizontal resolution of T42 (approximately 2.8° × 2.8°) with 
20 vertical layers. The simulation is done for one year after one year spin-up with nudged 
meteorological fields (wind speed, water vapor, and temperature) of reanalysis data provided 
by the NCAR/NCEP. Sea surface temperature and sea ice distribution are fixed in this 
simulation to monthly means. Clear-sky AOT is defined as AOT when column cloud fraction 
is lower than 0.2. The column cloud fraction is calculated by the maximum random 
overlapping method at each time step in the model. AOT in all-sky condition all-sky is 
calculated using clear-sky AOT clear-sky and cloudy-sky AOT cloudy-sky as follows: 

 
�������� = �� � �� � ���������� � � � �����������   (2.1) 

 
where C is the column cloud cover fraction. Yu et al. (2006) reported that the clear-sky AOT 
is smaller than all-sky AOT in both SPRINTARS and GISS models. Clouds can increase 
AOT through water uptake in the high humidity regions adjacent to clouds, but this cloud 
effect on AOT is model-dependent. 

For SPRINTARS forcing, the refractive indices of aerosols and clouds depend on 
wavelength, size distribution, and hygroscopic growth of sulfate and carbonaceous aerosols. 
Refractive indices of dry aerosols and cloud particles (water and ice) are based on Deepak and 
Gerber (1983), d’Almeida et al. (1991), and Sutherland and Khanna (1991), except for the 
imaginary part of soil dust. The imaginary part of the refractive index of soil dust is a quarter 
of values as given by Deepak and Gerber (1983), because recent studies (e.g., Kaufman et al., 
2001, Dubovik et al., 2002) indicated smaller value than that as given by Deepak and Gerber 
(1983) (Table 2.1). The fixed mode radius of each dry particle and standard deviation is based 
on the work of Martins et al. (1996) for carbonaceous aerosols and d’Almeida et al. (1991) for 
other aerosols. Carbonaceous aerosols are assumed as pure BC, pure OC and the internal 
mixture of BC and OC for the radiation transfer calculation. The hygroscopic growth of 
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aerosol particles is according to Tang and Munkelwitz (1994) for sulfate and Hobbs et al. 
(1997) for carbonaceous particles. The detailed information is described in Takemura et al. 
(2005). 
 
2.2.3. Common data for observation and model DARF 
 

Surface albedo is one of the important parameters that changes the aerosol forcing at 
TOA (Nakajima et al., 2007, Kim and Ramanathan, 2008). The sensitivity of DARF to 
aerosol and cloud vertical distribution between observation and modeling are focused upon in 
this study, so that the MODIS surface albedo product, MCD43C3, is used in the radiative 
calculation for observation and simulation. MODIS provides surface albedo data in 7 narrow 
bands and in three broad bands (visible, near-infrared, and shortwave). MODIS global albedo 
data are at a 0.05° by 0.05° spatial resolution (Schaaf et al., 2002; Roesch et al., 2004). The 
albedo products include black-sky and white-sky albedos for direct and diffuse beam, 
respectively. Yu et al. (2004) examined the dependence of the clear-sky DARF on black-sky 
and white-sky albedo. Their simulation assumption of DARF calculation uses the assumed 
fraction of direct beam, which is between 0 and 1, and AOT of 0.4 at 550 nm. This DARF is 
more close to the DARF using black-sky albedo than the DARF using white-sky albedo. The 
difference of DARF from using white-sky albedo is within 5%. Therefore, we use the 
black-sky albedo for clear-sky condition and the white-sky albedo for cloudy-sky condition. 
Surface albedo values for radiation calculation are interpolated from 0.3 to 4.0 m using 7 
narrow bands and visible and near-infrared broadband land surface albedos of the MODIS 
product. Figure 2.1 shows the annual mean shortwave broadband surface albedos in 2007 at 
1° by 1°. The white-sky albedo is larger than the black-sky albedo, except for evergreen 
broadleaf forest (Gao et al., 2006). The difference of white-sky albedo and black-sky albedo is 
about 0.01. Over central Eurasia around 50°N and North America, the seasonal variation is 
large, because of snow cover in winter and spring seasons. The ocean surface albedo is 
calculated by FSTAR radiation code in using the surface wind velocity of NCEP/NCAR 
reanalysis data (Kalnay et al., 1996). The ocean surface albedo is assumed to be dependent on 
the surface wind velocity (Nakajima and Tanaka, 1983), the ocean surface albedo decrease 
with increasing the wind velocity. The surface albedo is about 0.05 over most part of the 
ocean, except for the mid-latitude ocean from 50°S to 60°S latitude, where the wind velocity 
is more than 10 ms-1.  

NCEP/NCAR meteorological data (pressure, temperature, and specific humidity) are used 
for constructing the model atmosphere for radiative transfer computation. 

These data are interpolated onto a horizontal resolution of 1°×1° and T42 (approximately 
2.8°×2.8°) for the observation and the model results, respectively.  
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Figure 2.1 Annual mean distributions of the MODIS land surface albedo and sea surface albedo 

at 1 by 1 degrees. Land surface albedos are for black-sky (left) and white-sky (right). Sea 
surface albedo is calculated by the FSTAR radiation code using NCEP surface wind 
velocity. 

 
 
2.3. Model description of radiative calculation 
 
2.3.1. Radiation code  

 
A radiative transfer code FSTAR5c is a flux version of the System of Transfer of 

Atmospheric Radiation (STAR) (Ruggaber et al., 1994). The FSTAR model calculates 
radiative fluxes with a range from 0.2 to 200 m using a four-stream flux approximation 
under the plane-parallel layers with water vapor and other trace gases, various types of aerosol 
and cloud polydispersions, and ground/ocean surfaces with radiative transfer algorithms of 
Nakajima and Tanaka (1983, 1986, 1988) (OpenCLASTR http://157.82.240.167/~clastr/). 

We performed 40 band calculations from 0.3 to 4 m for monthly averaged broadband 
shortwave DARF. The three-term k-distribution method of AFGL/Lowtran (Kneizys et al., 
1988) is used for gaseous absorption. This calculation is performed every one hour using solar 
zenith angles on the 15th of each month. The vertical resolutions of radiation calculation are 
0.5 km from ground surface to 5 km altitude, 1 km from 5 km to 25 km altitude, and 2.5 km 
from 25 km to 40 km. The observation and model data are interpolated onto these vertical 
resolutions in the radiation calculation.  
 
2.3.2. Method of DARF calculation 

 
We calculated the monthly mean value of the SW DARF at the top of the atmosphere 

(TOA) under clear-sky and cloudy-sky conditions using the observation data and simulation 
results. High cloud reflectance changes the DARF from negative to positive (Haywood and 
Shine, 1997). Hence, we made two scenarios under cloudy-sky condition: one is the case of 
aerosols existing above clouds (above-cloud case), and the other is the case of aerosols 
existing below high clouds such as cirrus (below-cloud case), but without clouds below the 
significant aerosol layers. We decided that the above-cloud scenario also includes the case of 
aerosol layers with low-level clouds and high-level clouds existing at the same time, because 
high-level clouds decrease the absolute value of aerosol radiative effect, but do not change its 
sign. 

Aerosols widely exist from surface to the upper troposphere and are mixed with clouds. 
Nevertheless, the CALIOP lidar is unable to detect aerosols under optically thick clouds, 
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Figure 2.1 Annual mean distributions of the MODIS land surface albedo and sea surface albedo 

at 1 by 1 degrees.  Land surface albedos are for black-sky (left) and white-sky (right). Sea 
surface albedo is calculated by the FSTAR radiation code using NCEP surface wind 
velocity. 
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because the limitation of optical thickness by CALIOP is about 3. The aerosols undetected by 
CALIOP sensor exist below/within the optically thick clouds.  We define this case as the 
cloudy-undetected scenario. In this study, we assume the DARF of the cloudy-undetected 
case is close to zero, because optically thick clouds dominantly scatter the incident sunlight. 

The above-mentioned four scenarios are schematically illustrated in Figure 2.2. The 
cloudy-sky forcing is the combination of aerosol radiative forcings in above-cloud and 
below-cloud cases in proportion to the occurrence probability of each case. The all-sky 
forcing is the combination of clear-sky forcing and cloudy-sky forcing with weights of the 
cloud cover fraction. The details of this computation method are described in appendix A. 
Figure 2.3 shows the occurrence probabilities of four scenarios. The pattern of occurrence 
probability of the clear-sky case is similar, but the value of the model is higher than that of the 
observation. CALIOP observes optically thin clouds that are undetected in the ISCCP product 
(Winker et al., 2010). Off southern Africa, the probability that aerosols are observed above 
clouds is about 0.5, but less cloud is simulated in the model and the occurrence probability of 
the clear-sky case is about 0.7. Over land, aerosols hardly exist above clouds in both the 
observation and the model. Over the Pacific and the central Africa, aerosols exist below 
clouds in both the observation and the model. The probability of the observation is lower than 
that of the model, because the aerosols that exist below/within the optically thick clouds are 
undetected by CALIOP. The occurrence probability of cloudy-undetected case is the largest 
in four scenarios, and a large amount of aerosols are not detected in cloudy-sky condition. 
Over the ocean around 60°S, aerosols are hardly observed by CALIOP, because optically 
thick clouds usually exist. 

 
 

 
 

Figure 2.2 Four scenarios for radiation calculation: clear-sky (left) and cloudy-sky conditions 
with cases of aerosols existing above clouds (left-middle), below high clouds such as 
cirrus (right-middle) but without clouds below the aerosol layers, and aerosols not 
observed in cloudy-sky condition (right). Above-cloud case (left-middle) is the case 
that aerosols exist above low-level clouds, with or without high-level clouds. 
Cloudy-undetected case (right) is the case that aerosols that exist below or within 
optically thick clouds are not detected by the satellite lidar. 
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Figure 2.2 Four scenarios for radiation calculation: clear-sky (left) and cloudy-sky conditions 

with cases of aerosols existing above clouds (left-middle), below high clouds such as 
cirrus (right-middle) but without clouds below the aerosol layers, and aerosols not 
observed in cloudy-sky condition (right). Above-cloud case (left-middle) is the case 
that aerosols exist above low-level clouds, with or without high-level clouds. 
Cloudy-undetected case (right) is the case that aerosols that exist below or within 
optically thick clouds are not detected by the satellite lidar. 
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Figure 2.3 Occurrence probabilities of four scenarios (clear-sky, above-cloud, below-cloud, and 
cloudy-undetected cases). Occurrence probability of SPRINTARS in cloudy-undetected 
case is zero, because aerosols are simulated below or within optically thick clouds in 
SPRINTARS. 

 
 
The procedure of the separation of the above-mentioned four scenarios for CALIOP data 

is described below. At first, we examine whether aerosol layers and/or cloud layers exist for 
each 5 km product. If only aerosol layers exist, we define that this case is the clear-sky 
scenario. If the base altitude of the lowest aerosol layer is higher than that of the lowest cloud 
layer, we define this case as the above-cloud scenario. In this case, aerosols usually exist 

Clear-sky

Above-cloud case

Below-cloud case

Cloudy-undetected case
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Figure 2.3 Occurrence probabilities of four scenarios (clear-sky, above-cloud, below-cloud, and 
cloudy-undetected cases). Occurrence probability of SPRINTARS in cloudy-undetected 
case is zero, because aerosols are simulated below or within optically thick clouds in 
SPRINTARS. 

- 49 -



Chapter 2 A study of the shortwave direct aerosol forcing using  
ESSP/CALIPSO observation and GCM simulation  

- 50 - 
 

above low-level clouds. If the base altitude of the lowest aerosol layer is lower than that of the 
lowest cloud layer, we define this case as below-cloud scenario. In this case, aerosols usually 
exist below high clouds such as cirrus. The mixed layer of aerosols and clouds are included in 
the above-cloud case and below-cloud case, due to the definition of each scenario. Each 
aerosol layer is classified for one of the six aerosol types and each cloud layer is classified for 
water or ice by CALIOP algorithm. The column AOT of aerosol type, COT of water and ice, 
profile information of aerosols and clouds for each scenario are aggregated and averaged at 
1°by 1° horizontal resolution every month in 2007. 

The AOT above the cloud height of the MODIS product is obtained from the CALIOP 
Product. MODIS-derived COT, cloud,MODIS is applied for the CALIOP cloud profile when 
aerosols exist above clouds (above-cloud) in radiation calculation for the observation. 
CALIOP COT, cloud,CALIOP is sum of the CALIOP COT below the MODIS cloud top, 
low-cloud,CALIOP and CALIOP COT above the MODIS cloud top,  

 
������������� = ����������������� � ������������������    (2.2) 

 
The profile of extinction coefficient for cloud particles is the extinction profile observed 

by CALIOP multiplied by the scaled factor (cloud,MODIS-high-cloud,CALIOP)/low-cloud,CALIOP below 
the MODIS cloud top; 

 
��������� = �������������������������������

�����������������
� ����������������   (2.3) 

 
where cloud(z) is the extinction coefficient of clouds in the above-cloud case and 
cloud,CALIOP(z) is the extinction coefficient observed by CALIOP at each altitude. Figure 2.4 
shows the monthly mean profile of extinction coefficient for aerosols and clouds observed by 
CALIOP at above-cloud case at grid point (15°S, 5°E) in September 2007. The aerosol layer 
exists from 1.5 to 5 km altitude and the cloud layer exists below 1.5 km. Two cloud profiles 
of the extinction coefficient cloud,CALIOPandcloud are shown. The cloud layer exists below 1 
km altitude and the maximum value of becomes about 20 by applying the MODIS COT. 
Although we may overestimate the bottom height of the cloud layer by the above-mentioned 
method, we do not think that this overestimation will cause a large error in the evaluated TOA 
flux as far as we suitably assume the value of COT by MODIS retrieval. 

For calculating the model DARF, aerosol distributions under clear-sky and all-sky 
conditions and cloud distribution are simulated from MIROC-SPRINTARS. The cloudy-sky 
aerosol distribution is obtained from simulated values under clear-sky and all-sky conditions 
and the cloudy-sky AOT is used in the above-cloud case and the below-cloud case. To 
separate the simulated clouds in the above-cloud case and the below-cloud case, we used the 
approximation method of the homogeneous layers using the extinction coefficient profiles. In 
this analysis, aerosols and clouds were approximated as a system of multiple homogeneous 
layers through the analysis of vertical profiles of extinction coefficients of aerosols and clouds 
in order to quantify the layer parameters such as bottom and top altitudes of the layer. The 
high-level cloud layer is first classified as a cloud layer above the significant aerosol layers 
(below-cloud case) and then the rest of the clouds are classified as low-level clouds 
(above-cloud case) for the radiation calculation.  
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Figure 2.4 The monthly mean profile of extinction coefficient for aerosols and clouds observed 
by CALIOP at above-cloud case at grid point (15°S, 5°E) in September 2007. Two 
cloud profiles are shown; one is CALIOP observed profile and the other is the CALIOP 
profile applied with MODIS COT. The x-axis shows the logarithmic scale of the extinction 
coefficient (km-1) and the y-axis shows the altitude (km). 

 
 
2.4. Results 

 
Figure 2.5 shows the annual mean AOT distribution from 60°S to 60°N for each scenario. 

The wavelength of AOT is 532 nm for CALIOP and 550 nm for SPRINTARS. In CALIOP 
cases, the AOTs in the above-cloud and below-cloud cases are larger than that of the clear-sky 
case. Figure 2.6 shows the longitudinal mean CALIOP AOT in 2007 from 60°S to 60°N. It is 
found that the above-cloud and below-cloud AOTs are higher than the clear-sky AOT every 
latitude zone. In clear-sky and above-cloud cases, the peak of AOT is at around 10°N and 
AOT decreases with increasing latitude, except for the latitudinal zone from 0°N to 10°N. By 
contrast, the below-cloud AOT increases with increasing latitude, except for the latitudinal 
zone from 0°N to 20°S. In general, AOT over high latitude is smaller than that over low 
latitude, because the higher altitude the farther from the emission of aerosols. It is assumed 
that the high below-cloud AOT over high latitude zone is caused by misclassification of the 
optically thin low-level clouds as aerosols (Liu et al., 2009). We need further studies to 
understand the reason of larger AOTs in cloudy cases in the CALIPSO product. The 
occurrence probability of the above-cloud and below-cloud cases is smaller than that of the 
clear-sky case, therefore, the cloudy-sky AOT of CALIOP is smaller than SPRINTARS AOT. 
In the SPRINTARS model cases, the cloudy-sky AOT is above 0.8 over East Asia, which is 
several tens of percentage larger than the clear-sky AOT, because of aerosol particle growth 
in a high relative humidity in the cloudy condition (Yu et al., 2006). This cloud effect on 
increasing AOT is model-dependent and should be studied more carefully in future, because 
the interstitial aerosol concentration in the cloudy atmospheric column is also strongly 
dependent on the aerosol scavenging and washout effects. It is not possible to validate this 
point by the CALIOP observation because the lidar cannot observe the AOT in and below 
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Figure 2.4 The monthly mean profile of extinction coefficient for aerosols and clouds observed 

by CALIOP at above-cloud case at grid point (15°S, 5°E) in September 2007. Two 
cloud profiles are shown; one is CALIOP observed profile and the other is the CALIOP 
profile applied with MODIS COT. The x-axis shows the logarithmic scale of the extinction 
coefficient (km-1) and the y-axis shows the altitude (km). 
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thick cloud layers. 
Figure 2.7 shows seasonal mean distributions of the SSA of aerosols from 60°S to 60°N. 

The wavelength of SSA is 532 nm for CALIOP and 550 nm for SPRINTARS. In southern 
Africa and South America, biomass burning aerosols are emitted in summer and autumn and 
the observation SSA is 0.84 and the model one is smaller than 0.8. In the observation and 
model, SSA is about 0.90 over desert regions. Over the pristine ocean, the model SSA 
becomes 0.96, while the observation value is a little smaller. In winter, low SSA is caused by 
biomass burning aerosols in central Africa. This is not significant in the observation result. 

 
 

 
 

Figure 2.5 Annual mean distributions of AOT at 532 nm for clear-sky (a), cloudy-sky (b), 
above-cloud (c), and below-cloud (d) cases for CALIOP observation, and that of 550 
nm for clear-sky (e) and cloudy-sky (f) cases for SPRINTARS simulation. 

      CALIOP                                            SPRINTARS   
(a)                                                              (e)
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Figure 2.6 The longitudinal mean CALIOP AOT in 2007 from 60°S to 60°N in the clear-sky, 
below-cloud and above-cloud cases. 
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Figure 2.6 The longitudinal mean CALIOP AOT in 2007 from 60°S to 60°N in the clear-sky, 

below-cloud and above-cloud cases. 
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Figure 2.7 Seasonal mean distributions of the single scattering albedo for all-sky condition at 532 

nm for the CALIOP observation (left), and at 550nm for SPRINTARS (right). 
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2007 spring (March, April, and May)
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2.4.1. DARF at the TOA  
 
2.4.1.1. Clear-sky condition 

 
Figure 2.8 shows seasonal mean distributions of SW DARF under clear-sky condition in 

the region of 60°S to 60°N from the observation and modeling. The absolute value of DARF 
is approximately proportional to AOT, but the magnitude and sign of the radiative forcing 
efficiency, defined as = DARF/AOT, are determined by the single scattering albedo, 
asymmetry factor, and underlying surface albedo (Fraser and Kaufman, 1985; Nakajima et al., 
2007). Over the Saharan and Arabian deserts, the DARF becomes positive by the high surface 
albedo and low SSA of dust particles in both observation and modeling. The model-simulated 
DARF is larger than that of observation. SSA of the model is as large as that of the 
observation, about 0.92, and the shortwave surface albedos are about 0.4, but AOT of the 
model is about two times larger than that of the observation. Thus, DARF of the model is 
more positive than that of the observation. The land surface has highly anisotropic and 
wavelength-dependent optical properties. This characteristic of surface albedo leads to the 
uncertainty of the estimation of DARF (Yu et al., 2006), and we need to carry out future 
studies to narrow the uncertainty. In winter and spring, DARFs over Russia, United States, 
and Canada show a small positive value of about +0.5 Wm2 due to the bright snow and ice 
surface. 
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Figure 2.8 Seasonal mean distributions of the SW DARF for clear-sky case from the CALIOP 

observation (left), and simulated results by SPRINTARS (right). 
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Figure 2.8 Seasonal mean distributions of the SW DARF for clear-sky case from the CALIOP 
observation (left), and simulated results by SPRINTARS (right). 
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2.4.1.2. Above-cloud case 
 
Figure 2.9.2 shows the seasonal mean extinction profiles for aerosols and clouds of 

CALIOP and SPRINTARS in the above-cloud and below-cloud cases in the six selected areas 
(Figure 2.9.1) in summer and autumn seasons. MODIS COT is applied for the cloud profile of 
CALIOP in the above-cloud case (see section 2.3.2). The figure shows that the lidar-observed 
and model-simulated vertical profiles of aerosol and cloud layers are similar to each other 
with some higher scale height of the cloud layers especially over China and South Africa. The 
model depicts the observed aerosol stratification fairly well. The heights of aerosol and cloud 
layers are different in each CALIOP observation. In the above-cloud case, the detection of 
aerosol layer decreases close to sea-level, because the detection of cloud layer increases. 
Therefore, the extinction coefficient of aerosols decreases with increasing the extinction 
coefficient of clouds below 1 km altitude in the CALIOP above-cloud case. 

Figure 2.10 shows annual mean distributions of DARF and COT in the above-cloud case. 
Above-cloud DARF is positive over most parts of the globe in both observation and modeling. 
This point is significant, because most of the past studies reported positive DARF values in 
the above-cloud condition over limited areas, for example, off southern Africa (Keil and 
Haywood, 2003; Chand et al., 2009; De Graaf et al., 2012). DARF values off southern Africa 
and over East Asia are more than +7 Wm2. Off southern Africa, low-level clouds exist below 
2 km altitude and aerosols exist below 6 km altitude (Figure 2.9.2 a3) and SSA is 0.84 in 
summer and autumn. Over China, aerosols exist below 6 km altitude within clouds (Figure 
2.9.2 a2) and SSA is about 0.86. In these regions, absorbing aerosols emitted from biomass 
burning and air pollution are loaded above or within low-level clouds and cause an enhanced 
absorption because of multiple scattering between aerosol and cloud layers (Haywood and 
Shine, 1997; Takemura et al., 2005). In East Asia, the model DARF is more positive than the 
observation one, because the model AOT is twice as large as the observed AOT. Koch et al. 
(2009) reported that BC surface concentration of SPRINTARS agrees with the observed one 
over southeastern Asia, but it is overestimated in other regions. In this study, the dense 
aerosols are simulated around the surface over China. Previous studies reported that the 
absorbing aerosols above clouds bias the cloud satellite-retrieval to less COT and smaller 
effective radius (Haywood et al., 2004; Coddington et al., 2010). COT of the CALIOP and 
MODIS products is more than 7 over most regions (Figure 2.10); therefore, we assume that 
the underestimation of COT only slightly influences the DARF estimation. In the model, the 
DARF is negative or slightly positive over eastern Europe, central Eurasia, western America, 
and western Australia, whereas CALIOP-DARF is mostly positive in these regions. It is 
found from the detailed investigation of the model results that sulfate aerosols are the primary 
species and cause a large negative forcing over east Europe. The model SSA is 0.96, while 
that of the observation is 0.88 and positive forcing is caused in this region. Over central 
Eurasia, western America and western Australia, SSA is about 0.88, but COT is smaller than 
2, so that the cloud effect is weak and aerosols indicate negative forcing. 
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Figure 2.9 Panel (1): Illustration of six sections selected for the comparison of the aerosol and 

cloud profiles in above-cloud and below cloud cases. One section covers 10 by 10 
degrees and the seasonal mean profiles of aerosols and clouds are averaged in this region. 
This analysis is performed in the above-cloud case (a1, a2, a3, and a5) at red grid-boxes, in 
the below-cloud case (b2) at a blue-box and in the above-cloud (a4) and below-cloud (b1) 
cases at purple grid-box. 

a3

a2

a5

a4, b1 a1

b2

 
 
Figure 2.9 Panel (1): Illustration of six sections selected for the comparison of the aerosol and 

cloud profiles in above-cloud and below cloud cases. One section covers 10 by 10 
degrees and the seasonal mean profiles of aerosols and clouds are averaged in this region. 
This analysis is performed in the above-cloud case (a1, a2, a3, and a5) at red grid-boxes, in 
the below-cloud case (b2) at a blue-box and in the above-cloud (a4) and below-cloud (b1) 
cases at purple grid-box. 
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Figure 2.9 Panel (2): The seasonal mean extinction profiles for aerosols and clouds of CALIOP 

and SPRINTARS in the above-cloud and below-cloud cases. MODIS COT is applied 
for the cloud profile of CALIOP in the above-cloud case (see section 2.3.2). These profiles 
are averaged in the six sections (Figure 2.9.1) in JJA and SON. The x-axis shows the 
logarithmic scale of the extinction coefficient (km-1) and the y-axis shows the altitude (km). 
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Figure 2.9 Panel (2): The seasonal mean extinction profiles for aerosols and clouds of CALIOP 

and SPRINTARS in the above-cloud and below-cloud cases.  MODIS COT is applied 
for the cloud profile of CALIOP in the above-cloud case (see section 2.3.2). These profiles 
are averaged in the six sections (Figure 2.9.1) in JJA and SON. The x-axis shows the 
logarithmic scale of the extinction coefficient (km-1) and the y-axis shows the altitude (km). 
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Figure 2.10 Annual mean distributions of SW DARF (top), and COT (bottom) of the 

above-cloud case from CALIOP and MODIS observation (left), and simulated 
results by SPRINTARS (right). 

 
 
2.4.1.3. Below-cloud case  

 
Annual mean distributions of DARF and COT in the below-cloud case are shown in 

Figure 2.11. In the observation, the pattern of DARF is similar to that of clear-sky DARF. The 
below-cloud forcing is larger than the clear-sky forcing because AOT observed in the 
below-cloud case is three times larger than clear-sky AOT (Figure 2.5 and Table 2.2). The 
radiative forcing efficiency in the below-cloud case is lower than that in the clear-sky case. 
The high-level clouds attenuate scattered light from the lower aerosol layers, so that TOA 
forcing and the radiative forcing efficiency is lower than the clear-sky situation. On the other 
hand, the DARF in the modeling has large differences from that in the clear-sky condition and 
even changes its sign over continental areas. The COT from CALIOP observation is smaller 
than 2. In contrast, the COT in the model is larger than 5. CALIOP only retrieves COT less 
than about 3, thus, the situation where the COT is larger than 3 is regarded as the 
cloudy-undetected case in CALIOP. Therefore, the pattern of DARF is different between the 
observation and the model. Over the regions where the COT is lower than 3, DARF is 
negative in both the observation and the model, except for the desert areas. In South America, 
DARF of CALIOP is negative, while DARF of SPRINTARS is positive. In Figure 2.9.2 b2, 
aerosols exist below 6 km altitude in the observation and the model. Aerosols and optically 
thin clouds coexist in the observation, while aerosols exist within optically thicker clouds 
above 2 km altitude in the model. The light scattered by aerosols reaches to the TOA after 
attenuation by the higher-level clouds and the low SSA causes positive forcing in the model. 
Over the North Atlantic, the vertical distribution of aerosols and clouds is similar (Figure 
2.9.2 b1). Though the model SSA is higher than the observation, simulated dense clouds 

CALIOP (+MODIS)                                               SPRINTARS   
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Figure 2.10 Annual mean distributions of SW DARF (top), and COT (bottom) of the 

above-cloud case from CALIOP and MODIS observation (left), and simulated 
results by SPRINTARS (right). 
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largely attenuate scattered light from the lower layers. In addition AOT in the model is 
smaller than the observation so that it causes less negative forcing over dark surfaces in the 
Atlantic and Pacific oceans. In the above-cloud case, DARF is positive and aerosols exist 
within optically thick clouds in these regions (Figures 2.9.2 a1 and a4). Though we use the 
same distributions and optical properties of aerosols in the model in the above-cloud and 
below-cloud cases, the sign of DARF is different between the above-cloud case and the 
below-cloud case. This indicates that aerosols within optically thick clouds cause positive 
forcing in our radiative transfer calculation, regardless of SSA.  

 
 

 
 

Figure 2.11 Same as Figure 2.10, but DARF (top) and COT (bottom) of the below-cloud case. 
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Table 2.2 Annual mean AOT, SSA of aerosols, COT, and occurrence probabilities between 60°S 
and 60°N under clear-sky, cloudy-sky, all-sky conditions for CALIOP and for 
SPRINTARSa. 

 
Clear-Sk

y 

Cloudy-Sky 
All-Sky Above-C

loud 
Cloudy-

Sky 
All-Sky Total 

CALIOP 
(+MODIS) 

      

AOT 0.109 0.192 0.362 0.000 0.006 0.074 
SSA 0.89 0.87 0.90 - 0.88 0.89 
COT - 12.42 2.11 - - - 
Occurrence 
probability 

0.23 0.10 0.09 0.59 0.77 1.00 

SPRINTARS       
AOT 0.111 - - - 0.158 0.133 
SSA 0.91 - - - 0.91 0.91 
COT - 13.35 4.46 - 9.93 - 
Occurrence 
probability 

0.44 0.33 0.23 0.00 0.56 1.00 

 

a The observation COT of above-cloud case is the sum of MODIS COT and CALIOP COT above 
MODIS cloud top height. 

 
 
2.4.1.4. Cloudy-sky condition 
 

Figure 2.12 shows seasonal mean distributions of the cloudy-sky DARF, DARFcloudy-sky, 
which is the weighted means of forcings in the above-cloud, below-cloud, and 
cloudy-undetected cases with weights of occurrence probabilities in the three cases;  

 
DARF���������� = � �� � �����

����������
� � �� � �����

�������
+ � = � �� � �����

�������
 

          (2.4) 
 

where Pac is the probability of the above-cloud case, Pbc is that of the below-cloud case, and 
Puc is that of the cloudy-undetected case,  
 

P�� = N��
N����������

, P�� = N��
N����������

, P�� = N�����������N���N��
N����������

,        (2.5) 

 
P�� + P�� + P�� = 1        (2.6) 

 
 

Below-
Cloud

Cloudy-
Undetected

Table 2.2 Annual mean AOT, SSA of aerosols, COT, and occurrence probabilities between 60°S 
and 60°N under clear-sky, cloudy-sky, all-sky conditions for CALIOP and for 
SPRINTARS a. 
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where Nac, Nbc, and Ncloudy-sky are the pixel counts of above-cloud, below-cloud and 
cloudy-sky cases, respectively. DARFac, DARFbc, and DARFuc are DARF for above-cloud, 
below-cloud, and cloudy-undetected cases, respectively. In this study, DARFuc is assumed as 
zero, because optically thick clouds dominantly scatter the incident sunlight and the 
absorption by aerosols that exist within thick clouds cancels aerosol scattering. The CALIOP 
AOTs and DARFs in the above-cloud and below-cloud cases are more than two times larger 
than those of SPRINTARS, while the occurrence probabilities of CALIOP are less than half 
of SPRINTARS ones. Thus, the cloudy-sky AOT and DARF of CALIOP are smaller than 
SPRINTARS results. Aerosols are simulated below and within optically thick clouds in 
SPRINTARS, hence, Puc is equal to zero for SPRINTARS. 

Areas of large positive forcings, above +5 Wm2, correspond to the source and outflow 
regions of smoke from biomass burning and air pollution. Carbonaceous and dust aerosols 
emitted from East Asia cause a large positive forcing throughout the year. In particular, they 
are transported to the North Pacific and produce a positive forcing as large as +7 Wm2 in the 
model in the summer season. Optically thick clouds remain below 2 km altitude and aerosols 
are vertically distributed to 5 km altitude (Figure 2.9.2 a1). SSA is 0.90 and DARF becomes 
large positive. In autumn, aerosols remain at lower altitudes and the column AOT is smaller, 
so that aerosols cause weaker positive forcing. 

Off South America, SPRINTARS-DARF is large positive in summer and autumn, while 
CALIOP-DARF is the largest positive in autumn season. The observed AOT is smaller than 
the simulated AOT and aerosols in particular are hardly detected by CALIOP in autumn 
(Figure 2.9.2 a5). In SPRINTARS, the emission inventories of carbonaceous aerosols 
originating from biomass burning, biofuel, agricultural activity, and fossil fuels are based on 
several databases from the Food and Agriculture Organization of the United Nations (FAO), 
Global Emissions Inventory Activities (GEIA), and energy statistics in each nation (Takemura 
et al., 2005). These emission inventories are not based on the observed fire hot spot counts 
and do not correspond to individual fire events. Hence, it is possible that the difference of 
DARFs between the observation and model is due to these emission inventory datasets. 
Similarly, smoke from South America is transported to the southern part of the Atlantic and 
causes a large positive forcing in the model, but its effect is quite small in the CALIOP result. 
We found that this difference is caused by an overestimation of AOT by model and/or 
underestimation of AOT by lidar observation. Large AOT and low SSA cause larger positive 
forcing than that of CALIOP. 
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Figure 2.12 Same as Figure 2.8, but DARF under cloudy-sky case. 
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2.4.1.5. All-sky DARF  
 
Figure 2.13 shows seasonal mean distributions of the all-sky DARF, DARFall-sky, which is 

the combination of the clear-sky and cloudy-sky forcings in a similar way to the cloudy-sky 
forcing calculation;  

 
 (2.7) 

 
where Pclear-sky is the probability of clear-sky condition and Pcloudy-sky is that of cloudy-sky 
condition. 

It is found from the figure that the all-sky forcing is negative over the ocean, except for 
outflow regions of smoke aerosols. The absorption over the desert regions occurs depending 
on the presence or absence of clouds. The column and high-level cloud cover fractions of the 
CALIOP product are above 0.8 and 0.5, respectively, over a large fraction of the ocean 
(Winker et al., 2010). The occurrence probability of CALIOP in clear-sky is smaller than the 
model, in contrast, so that the forcing of the modeling is more negative than the observation. 
This indicates that all-sky forcing largely depends on the cloud fraction (Chand et al., 2009). 
The DARF over Indonesia is negative or less positive from the observation, but it reaches +3 
Wm2 in the model. The occurrence probability of clear-sky case is close to zero both in 
observation and model, while the cloudy-sky forcing of the model is more positive than the 
observation. Table 2.2 shows annual mean values of AOT, SSA of aerosols, COT and 
occurrence probability from CALIOP and SPRINTARS. These parameters are important 
factors in determining DARF. At last, we summarize in Table 2.3 SW TOA DARFs averaged 
in the latitudinal area from 60°S to 60°N obtained in the preceding sections.  
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Figure 2.13 Same as Figure 2.8, but DARF under all-sky case. 
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Table 2.3 Annual mean SW DARF at TOA between 60°S and 60°N under clear-sky, cloudy-sky, 
all-sky for CALIOP and SPRINTARSa. 

 Clear-Sky 
[Wm2] 

Cloudy-Sky [Wm2] All-Sky 
[Wm2] Above-Clo

ud 
Below-Clou

d 
Total 

Zonal average 
(60°S-60°N) 

     

CALIPO -2.97 +5.24 -5.52 +0.07 -0.61 
SPRINTARS -2.78 +2.51 -1.13 +1.07 -0.58 

CALIPO mi*0.5 -3.74 +2.58 -7.42 -0.55 -1.27 
CALIPO mi*0.0001 -5.14 -2.46 -10.87 -1.72 -2.47 

CALIPO (3°×3°) -3.17 +6.15 -8.63 -0.12 -0.81 
Land      

CALIPO -2.29 +8.08 -2.98 +0.73 -0.12 
SPRINTARS -1.63 +2.89 +1.44 +2.18 +0.12 

CALIPO mi*0.5 -3.70 +4.32 -6.33 -0.25 -1.20 
CALIPO mi*0.0001 -6.19 -2.82 -12.32 -2.06 -3.12 

CALIPO (3°×3°) -2.50 +9.02 -5.11 +0.59 -0.28 
Ocean      

CALIPO -3.21 +4.21 -6.43 -0.16 -0.79 
SPRINTARS -3.19 +2.38 -2.04 +0.68 -0.83 

CALIPO mi*0.5 -3.76 +1.95 -7.82 -0.66 -1.29 
CALIPO mi*0.0001 -4.76 -2.33 -10.34 -1.60 -2.23 

CALIPO (3°×3°) -3.41 +5.11 -9.90 -0.38 -1.00 
 

a The radiative forcing of CALIOP is shown for the refractive indices of aerosol particles, mi, mi*0.5, 
and mi*0.0001 (see text for definition). 

 
 
2.4.2. DARF at the surface 

 
Figure 2.14 shows the annual mean distributions of the SW TOA DARF, surface DARF, 

and atmospheric absorption for all-sky condition. The annual zonal mean average of the TOA 
DARF, surface DARF, and atmospheric absorption for all-sky condition are 0.61, 4.63, and 
+4.02 Wm2 and 0.58, 7.79, and +7.21 Wm2 for CALIOP and SPRINTARS, respectively. 
Over China, India, and Africa, surface DARF is a large negative that is caused by the 
absorption of emitted aerosols. The surface DARF is much larger than the TOA DARF, thus, 
the patterns of atmospheric absorption of aerosols are quite similar to that of the surface 
DARF.  
 
 

 

Table 2.3 Annual mean SW DARF at TOA between 60°S and 60°N under clear-sky, cloudy-sky, 
all-sky for CALIOP and SPRINTARSa. 
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Figure 2.14 Annual mean distributions of the shortwave TOA DARF (top), surface DARF 

(middle), and atmospheric absorption (bottom) for all-sky condition from the 
CALIOP observation (left), and simulated results by SPRINTARS (right). 

 
 
 
2.5. Discussions  
 
2.5.1. Extrapolation of aerosols below thick clouds 

 
The uncertainty in the forcing evaluation is caused by a possible AOT underestimation by 

observation for the above-cloud case, because the CALIOP lidar detects aerosols only above 
optically thick clouds. Hence, we extrapolate the aerosol profile in this case toward levels 
below the cloud top height by assuming the maximum value of the aerosol extinction 
coefficient to the surface. We use the MODIS cloud top height for this extrapolation because 
the radiometer-sensed cloud top height is more radiatively effective for the radiation 
calculation. By this extrapolation the zonal mean AOT from 60°S to 60°N in the above-cloud 
case increases from 0.192 to 0.444, and the annual mean DARF at TOA is more positive to 
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Figure 2.14 Annual mean distributions of the shortwave TOA DARF (top), surface DARF 

(middle), and atmospheric absorption (bottom) for all-sky condition from the 
CALIOP observation (left), and simulated results by SPRINTARS (right).  
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+7.97, +0.45, and 0.32 Wm2 under above-cloud, cloudy-sky, and all-sky cases, respectively. 
The main cause of this positive effect is enhanced light absorption by black carbon and dust 
particles within cloud layers. We need more validation studies of aerosol and cloud mixture 
by in situ measurements to finalize this point. 
 
2.5.2. The sensitivity tests of CALIOP optical parameters 

 
The SSA is one of the important parameters to determine the forcing value. In this study 

we used the CALIOP aerosol optical models (see Table 2.1). A recent study reported SSA of 
biomass burning varied from 0.73 to 0.93 (Johnson et al., 2008), and that of mineral dust is 
very weak (Kaufman et al., 2001; Dubovik et al., 2002; Osborne et al., 2008; Yoshida and 
Murakami, 2008). We, therefore, perform a sensitivity test that changes the imaginary index 
of refraction of aerosol particles from the standard CALIOP model value, mi, (Omar et al., 
2009) to smaller values applying factors as mi*0.5 and mi*0.0001. Resulted DARFs under 
clear-sky, cloudy-sky, all-sky conditions for CALIOP and SPRINTARS are listed in Table 
2.3. The above-cloud DARF for mi*0.5 decreases to half of that for the standard case, and the 
cloudy-sky DARF changes to negative. Clear-sky and below-cloud DARFs increase about 
30%. In the case of mi*0.0001, all aerosols are assumed as almost completely light scattering, 
so that the above-cloud DARF also alters its sign to negative. We should note that this 
sensitivity test is imperfect in a way that there is an inconsistency between reduced absorption 
models in the test and the CALIOP model used in the lidar data analysis.  
 
2.5.3. Dependence of DARF on the horizontal resolutions 
 

The grid size of the observation (1° × 1°) and the model (2.8° × 2.8°) is different. Here, 
we calculated the CALIOP DARF at a horizontal resolution of 3° × 3° for the examination of 
the dependence of the DARF on the horizontal resolution. Table 2.3 compares DARF values 
with different grid-sizes of (1° × 1°) and (3° × 3°). The magnitude of DARF for the larger 
grid-box size is larger than that for the smaller grid-box size. The larger grid-box sometimes 
includes the non-observation or non-aerosol detection smaller grid-box. This causes the 
difference in computing the zonal average DARF, because the larger grid-box covers the 
smaller number of smaller grid-box. In our computation, the regional and global average of 
DARF of the larger grid-box size is larger than that of the smaller grid-box size. Aerosols are 
rarely detected over the ocean around 60°S, however once they are detected, the contribution 
for the regional and global average DARF computation become larger. The difference of the 
clear-sky forcing is smaller than that of cloudy-sky forcing, because the occurrence 
probability of the clear-sky case is larger than those of the above-cloud and below-cloud case 
(Figure 2.3). The difference of DARF between CALIOP and SPRINTARS become larger 
with the larger grid size of CALIOP. We think a degrading the satellite grid box to the coarse 
model box will lose the information that satellite data has. Therefore, we use the grid size (1° 
× 1°) for the observation in the main part of the present study. 
 
2.5.4. Comparison of the global mean clear-sky DARF 

 
In this paper, DARF in the clear-sky case is defined as, 
 

      (2.8) 
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where DARFa is the DARF calculated by using observed AOT and a, and Pa is the 
occurrence probability of aerosols observed in the clear-sky condition (see appendix A). In 
most of past studies the conditional mean of aerosol existence, DARFa, is used as the 
clear-sky DARF, and thus, we summarize the annual global mean values of DARFa in Table 
2.4 for the comparison with previous studies. The global average of clear-sky DARF is 3.79 
Wm2 for CALIOP and 2.66 Wm2 for SPRINTARS. Kim and Ramanathan (2008) 
compared TOA shortwave DARF under clear-sky. DARF using ground-based and 
satellite-based observation data is 5.9 Wm2 and that of AeroCom is 3.3 Wm2. The 
observation value in this study is between model average and measurement-base average and 
the simulation value in this study is smaller than these. Yu et al. (2006) compared the 
clear-sky DARF from satellite retrievals and model simulations. The average of 
satellite-derived and model values over the land and ocean are listed in Table 2.4 for 
comparison. They reported that SPRINTARS shows the smallest clear-sky forcing among the 
satellite-derived values and models results. Goto et al. (2011) pointed out that the magnitude 
of shortwave plus longwave DARF of SPRINTARS is smaller in remote area and larger near 
source regions due to weak transportation of aerosols to upper altitudes. BC and dust are not 
transported to the remote areas in SPRINTARS (Koch et al., 2009; Huneeus et al., 2011). 
These are consistent with the results in this study and indicate that the absorption of aerosols 
over the land is large in SPRINTARS and the TOA SW DARF under clear-sky is 1.53 Wm2. 
This value is less than half of CALIOP and Yu et al. (2006). The CALIOP TOA DARF is 
smaller and surface DARF is larger than those of Yu et al. (2006). The CALIOP DARFs for 
mi*0.5 are close to that of Yu et al. (2006). These indicate that aerosol models of CALIOP 
and SPRINTARS are absorbing models stronger than those in the past studies. In the case of 
mi*0.0001, all aerosols almost completely scatter the sun-light, so that the TOA DARF 
becomes close to the surface DARF and atmospheric absorption of aerosols is +0.21 Wm2. 

The zonal average between 60°S and 60°N of SPRINTARS clear-sky DARF is about 5 
percent more than the global average value, because AOT is quite small in high latitude 
regions and the zonal average AOT is larger than the global average. In CALIOP, the zonal 
average DARF listed in Table 2.3 is smaller than the global average in Table 2.4, because the 
occurrence probability Pa is 0.67 between 60°S and 60°N and this has a larger effect than the 
difference of AOT between the zone and the globe in this study. This indicates that taking 
into account of optically thin aerosols that is undetected by sensors or not causes the different 
regional and global average values and becomes one of the reasons that the 
measurement-retrieved DARF is larger than the model values. 
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Table 2.4 Annual global mean DARF at TOA and surface under clear-sky for CALIOP and 
SPRINTARSa.  

 DARF (TOA) [Wm2] DARF (Surface) [Wm2] 

Global Land Ocean Global Land Ocean 

CALIOP -3.79 -2.69 -4.24 -11.43 -14.04 -10.38 

CALIOP (mi*0.5) -4.81 -4.46 -4.95 -9.72 -11.70 -8.92 

CALIOP (mi*0.0001) -6.66 -7.62 -6.28 -6.87 -7.75 -6.51 

SPRINTARS -2.66 -1.53 -3.10 -8.64 -11.81 -7.43 

Yu et al. (2006) - -4.9±0.7 -5.5±0.2 - -11.8±1.9 -8.8±0.7
 

a The radiative forcing of CALIOP is shown for the refractive indices of aerosol particles, mi, mi*0.5, 
and mi*0.0001 (see text for definition). The DARF in Yu et al. (2006) are listed for comparison. 

 
 
 
2.6. Conclusions 

 
We estimated the shortwave DARF at TOA and surface under clear-sky, cloudy-sky, and 

all-sky conditions using the observation data from space-borne CALIOP lidar and MODIS 
sensor and the simulation results from SPRINTARS. We calculated DARF in four scenarios: 
the clear-sky case, the above-cloud case, the below-cloud case, and the cloudy-undetected 
case. The cloudy-sky DARF was estimated by the DARF in the latter three scenarios and the 
occurrence probability of each scenario and the all-sky DARF is the combination of clear-sky 
and cloudy-sky DARF with weights of the cloud occurrence at the limited zone from 60°S to 
60°N. The COT derived from Aqua MODIS was applied for the CALIOP cloud profile in the 
above-cloud case, aerosol and cloud fields from 60°S to 60°N were obtained from CALIOP 
and MODIS sensors throughout the year of 2007. Therefore, we analyzed AOT, COT, SSA, 
and the occurrence probabilities in this zonal region. 

At the TOA, annual zonal averages of the shortwave DARFs under clear-sky, cloudy-sky, 
and all-sky conditions were 2.97, +0.07, and 0.61 Wm2 for CALIOP, respectively, and 
2.78, +1.07, and 0.58 Wm2 for SPRINTARS, respectively. At the surface, SW DARFs 
under clear-sky, cloudy-sky, and all-sky conditions were 8.90, 3.46, and 4.63 Wm2 for 
CALIOP, respectively, and 9.11, +7.31, and 7.79 Wm2 for SPRINTARS, respectively. 
The zonal average clear-sky forcing was about 5% higher than the global average value, 
because aerosol amount over high latitude regions is quite small. Under clear-sky condition, 
the TOA forcing of CALIOP and SPRINTARS are smaller and the atmospheric absorption of 
aerosols are larger than previous studies. This indicates that aerosol models of CALIOP and 
SPRINTARS are strong absorbing models. The improvement of the optical parameters of 
aerosol models of CALIOP and SPRINTARS and more detailed and longer term analysis are 
required to estimate more precise value of the regional DARF. 

The results showed that the TOA forcing over desert regions caused by dust with SSA of 
0.92 is positive regardless of cloud existence, due to high ground albedo. Off southern Africa, 
smoke aerosols with SSA of 0.84 above low-level clouds are observed and simulated and the 
annual mean TOA cloudy-sky DARF is more than +3 Wm2, as consistent with past studies. 
Aerosols with SSA of 0.96 within optically thin clouds cause TOA negative forcing, while 
those within optically thick clouds cause TOA positive forcing. This is because the scattering 
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of aerosols is larger than the absorption of aerosols within optically thin clouds and the small 
absorption of aerosols is enhanced and scattering of aerosols becomes smaller within optically 
thick clouds. This indicates that aerosols within optically thick clouds cause positive forcing 
in our radiative transfer calculation, regardless of SSA. 

CALIOP has only one daytime observation at fixed local time for a target location, so that 
we have no other choice than using the same observed vertical stratification of aerosol and 
cloud in the DARF calculation of every hour, which will cause an error in the evaluated 
DARF. However, we should reiterate that our main emphasis is evaluation of the effect of 
aerosol and cloud stratifications such as clear-sky, above-cloudy, below-cloud, and 
cloudy-undetected cases. In conclusion we would like to stress that errors that come from 
these assumptions might not be too large to change our findings. On the other hand, it is 
important that the vertical distributions of aerosols and clouds of various models are 
compared to those of CALIOP and CloudSat at the same local time. 

We also need to discuss the sampling method in the process of construction of the aerosol 
and cloud laden atmosphere in the present study. We used the monthly mean profiles of 
aerosols and clouds in three cases (clear-sky, above-cloud, and below-cloud). Each CALIOP 
observation retrieves only one type of the particle (aerosol or cloud) at the resolution grid and 
cannot measure how aerosol and cloud particles co-exist in optically thick cloud layers. In this 
situation, there is a benefit of using the monthly profiles in above-cloud and below-cloud 
cases from CALIOP because we can get simultaneous aerosol and cloud profiles at the same 
altitude. This information of aerosol and cloud stratification can be used to study heights of 
aerosol and cloud layers at all locations of the globe. However, it brings an ambiguity 
regarding how aerosol and cloud particles are mixed in the cloud layer. Additionally, 
CALIOP aerosol products are of a 5 km horizontal resolution averaging 15 lidar shots, and it 
is possible that the forcing for the horizontally averaged atmosphere is different from the 
mean of forcings obtained by each lidar shot. In this case, however, there is a difficulty of 
using each lidar shot data because aerosols are not dense enough to be retrieved from every 
shot (Vaughan et al., 2009). The monthly mean parameters will cause an error in the 
evaluation of DARF. On the other hand, CALIOP lidar sensitivity is not so high that the shot 
by shot data includes a large ambiguity in the retrieved aerosol and cloud parameters. There 
needs to be a thorough investigation in future to identify the optimal sampling average for the 
DARF estimation and we would like to leave these difficult questions for future works, 
especially to simultaneous use of satellite observation and high resolution aerosol and cloud 
modeling. 
 
 
Appendix A 

 
We have four scenarios for radiative transfer calculation, i.e. clear-sky, above-cloud, 

below-cloud, and cloudy-undetected cases. The conditional occurrence probability of aerosols 
observed in the clear-sky condition is given as,  

 
�� = ��

����������
        (2.A1) 

 
where Na is the pixel count where aerosols are observed in the clear-sky condition and 
Nclear-sky is the pixel count in the clear-sky condition. We use the conditional AOT for 
radiative transfer calculations defined as,  
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�� = ������

���
        (2.A2) 

 
at wavelength of 532 nm where a,sum is the sum of AOT observed at clear-sky pixels. 
Clear-sky AOT shown in Figure 2.5 is given as, 
 

���������� = ������
����������

= �� ������
��

      (2.A3) 

 
Shortwave direct aerosol forging in the clear-sky case is defined as,  
 

������������� = �� × �����      (2.A4) 
 
where DARFa is the DARF calculated by using a. 

In a similar way, Pac is the conditional occurrence probability of the above-cloud case, Pbc 
is that of the below-cloud case, and Puc is that of the cloudy-undetected case, 

 
��� = ���

�����������
� ��� = ���

�����������
� ������� = �������������������

�����������
  (2.A5) 

 
��� + ��� + ��� = 1       (2.A6) 

 
where Nac, Nbc, and Ncloudy-sky are the pixel counts of above-cloud, below-cloud and 
cloudy-sky cases, respectively. Puc is equal to zero for SPRINTARS.ac and bc are AOTs for 
radiation calculations for above-cloud and below-cloud cases, respectively,  
 

��� = �������
���

�������� = �������
���

      (2.A7) 
 
where ac,sum and bc,sum are sums of AOT observed in above-cloud and below-cloud cases, 
respectively. AOT in the cloudy-sky case is given as, 
 

����������� = ∑ ����������������
�����������

= ∑ �� � ��������� + 0 = ∑ �� � ���������   (2.A8) 

 
The DARF in the cloudy-sky condition is then given as, 
 

�������������� = ∑ �� × ��������������� ≈ ∑ �� × ������������ + 0 = ∑ �� ×�������
�����  (2.A9) 

 
where we assume that DARF of the cloudy-undetected case is close to zero, because optically 
thick clouds dominantly scatter the incident sunlight.  

The DARF under all-sky condition is given as, 
 
����������� = ���������� × ������������� + ����������� × ��������������  

(2.A10) 
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We use similar formulae for radiative transfer calculations with model 
SPRINTARS-simulated values. In the model, we assume Pa = 1 and Pac + Pbc = 1, because all 
the aerosols, including a part not observed by CALIOP, are simulated by the model. The same 
cloudy-sky AOT is used for radiation calculations for above-cloud and below-cloud clear-sky 

=a and cloudy-sky =ac=bc. AOT at 532 nm is used for CALIOP and that of 550 nm is used 
for SPRINTARS. 
 
 

References 
 
Chand, D., T. L. Anderson, R. Wood, R. J. Charlson, Y. Hu, Z. Liu, and M. Vaughan (2008), Quantifying 

above-cloud aerosol using spaceborne lidar for improved understanding of cloudy-sky direct climate 
forcing, J. Geophys. Res. 113, D13206, doi:10.1029/2007JD009433. 

Chand, D., R. Wood, T. L. Anderson, S. K. Satheesh, and R. J. Charlson (2009), Satellite-derived direct radiative 
effect of aerosols dependent on cloud cover, Nature Geoscience, 2, 181-184, doi:10.1038/NGE0437. 

Coddington, O. M., P. Pilewskie, J. Redemann, S. Platnick, P. B. Russell, K. S. Schmidt, W. J. Gore, J. 
Livingston, G. Wind, and T. Vukicevic (2010), Examining the impact of overlying aerosols on the retrieval 
of cloud optical properties from passive remote sensing, J. Geophys. Res., 115, D10211, 
doi:10.1029/2009JD012829. 

d’Almeida, G. A., P. Koepke, and E. P. Shettle (1991), Atmospheric aerosols. Global climatology and radiative 
characteristics, A. Deepak Publishing.  

De Graaf, M., L. G. Tilstra, P. Wang, and P. Stammes (2012), Retrieval of the aerosol direct radiative effect over 
clouds from spaceborne spectrometry, J. Geophys. Res., 117, D07207, doi:10.1029/2011JD017160. 

Deepak, A. and Gerber, H. G. (Eds.) (1983), Report of the experts meeting on aerosols and their climatic effects, 
World Meteorological Organization, Geneva, Switzerland, Rep. WCP-55, 107 pp. 

Dubovik, O., B. Holben, T.F. Eck, A. Smirnov, Y.J. Kaufman, M.D. King, D. Tanré, and I. Slutsker (2002), 
Variability of absorption and optical properties of key aerosol types observed in worldwide locations, J. 
Atmos. Sci., 59, 590-608. 

Fraser, R. S., and Y. J. Kaufman (1985), The relative importance of aerosol scattering and absorption in remote 
sensing, IEEE Trans. Geosci. Remote Sens. GE-23, 625-633. 

Gao, W., Q.F. Lu, Z.Q. Gao, W.L. Wu, B.Y., Du and J. Slusser (2006), Analysis of temporal variations of albedo 
from MODIS, In Remote Sensing and Modeling of Ecosystems for Sustainability III, 
62981G-1—62981G-7, Published by SPIE, Bellingham, WA, USA. 

Goto, D., T. Nakajima, T. Takemura, and K. Sudo (2011), A study of uncertainties in the sulfate distribution and 
its radiative forcing associated with sulfur chemistry in a global aerosol model, Atmos. Chem. Phys., 11, 
10889-10910, doi:10.5194/acp-11-10889-2011. 

Haywood, J. M., and K. P. Shine (1997), Multi-spectral calculations of the radiative forcing of tropospheric 
sulphate and soot aerosols using a column model, Quart. J. Roy. Meteor. Soc., 123, 1907-1930. 

Haywood, J. M., S. R. Osborne, and S. J. Abel (2004), The effect of overlying absorbing aerosol layers on 
remote sensing retrievals of cloud effective radius and cloud optical depth. Q. J. R. Meteorol. Soc., 130, 
779-800. 

Hu, Y., M. Vaughan, Z. Liu, K. Powell, and S. Rodier (2007), Retrieving optical depths and lidar ratios for 
transparent layers above opaque water clouds from CALIPSO lidar measurements, IEEE Trans. Geosci. 
Remote Sens. Lett., 4, 523–526. 

Huneeus, N., M. Schulz, Y. Balkanski, J. Griesfeller, J. Prospero, S. Kinne, S. Bauer, O. Boucher, M. Chin, F. 
Dentener, T. Diehl, R. Easter, D., Fillmore, S. Ghan, P. Ginoux, A. Grini, L. Horowitz, D. Koch, M. C. 
Krol, W. Landing, X. Liu, N. Mahowald, R. Miller, J.-J. Morcrette, G. Myhre, J. Penner, J. Perlwitz, P. 
Stier, T. Takemura, and C. S. Zender (2011), Global dust model intercomparison in AeroCom phase I, 
Atmos. Chem. Phys., 11, 7781-7816, doi:10.5194/acp-11-7781-2011. 

Hobbs, P. V., J. S. Reid, R. A. Kotchenruther, R. J. Ferek, and R. Weiss (1997), Direct radiative forcing by 
smoke from biomass burning, Science, 275, 1776–1778. 

Intergovernmental Panel of Climate Change (IPCC) (2007), Climate Change 2007; The physical Science Basis, 
edited by Solomon, S., D. Qin, M. Manning, M. Marquis, K. Aveyt, M. M. B. Tignor, H. L. Miller Jr., and 
Z. Chen, 881pp., Cambridge University Press. 

- 74 -



CGER-I132-2017, CGER/NIES 
 

- 75 - 
 

Johnson, B. T., S. R. Osborne, J. M. Haywood, and M. A. J. Harrison (2008), Aircraft measurements of biomass 
burning aerosols over West Africa during DABEX, J. Geophys. Res., 113, D00C06, 
doi:10.1029/2007JD009451. 

K-1 Model Developers (2004), K-1 coupled GCM (MIROC) description, edited by: Hasumi, H. and Emori, S., 
K-1 Tech. Rep. 1, 34pp., Center for Climate System Research, University of Tokyo, Tokyo, Japan. 

Kalnay, E., M. Kanamitsu, R. Kistler, W. Collins, D. Deaven, L. Gandin, M. Iredell, S. Saha, G. White, J. 
Woollsen, Y. Zhu, M. Chelliah, W. Ebisuzaki, W. Higgins, J. Janowiak, K. C. Mo, C. Ropelewski, J. Wang, 
A Leetmaa, R. Reynolds, Roy Jenne, and Dennis Joseph (1996), The NCEP/NCAR 40-Year Reanalysis 
Project, Bull. Amer. Meteor. Soc., 77, 437-471. 

Kaufman, Y.J., D. Tanre, O. Dubovik, A. Karnieli, and L.A. Remer (2001) Absorption of sunlight by dust as 
inferred from satellite and ground-based remote sensing, Geophys. Res. Lett., 28, 1479-1482. 

Keil, A., and J. M. Haywood (2003), Solar radiative forcing by biomass burning aerosol particles during 
SAFARI 2000: A case study based on measured aerosol and cloud properties, J. Geophys. Res., 108, 8467, 
doi:10.1029/2002JD002315.  

Kim, D. and V. Ramanathan (2008), Solar radiation budget and radiative forcing due to aerosols and clouds, J. 
Geophys. Res., 113, D02203, doi:10.1029/2007JD008434. 

Kinne, S., M. Schulz, C. Textor, S. Guibert, Y. Balkanski, S. E. Bauer, T. Berntsen, T. F. Berglen, O. 
Boucher, M. Chin, W. Collins, F. Dentener, T. Diehl, R. Easter, J., Feichter, D. Fillmore, S. Ghan, P. 
Ginoux, S. Gong, A. Grini, J. Hendricks, M. Herzog, L. Horowitz, I. Isaksen, T., Iversen, A. Kirkevåg, S. 
Kloster, D. Koch, J. E. Kristjansson, M. Krol, A. Lauer, J. F. Lamarque, G. Lesins, X. Liu, U. Lohmann, V. 
Montanaro, G. Myhre, J. Penner, G. Pitari, S. Reddy, O. Seland, P. Stier, T. Takemura, and X. Tie (2006), 
An AeroCom initial assessment – optical properties in aerosol component modules of global models, Atmos. 
Chem. Phys., 6, 1815-1834, doi:10.5194/acp-6-1815-2006. 

Kittaka, C., D. M. Winker, M. A. Vaughan, A. Omar, and L. A. Remer (2011), Intercomparison of column 
aerosol optical depths from CALIPSO and MODIS-Aqua, Atmos. Meas. Tech., 4, 131-141, 
doi:10.5194/amt-4-131-2011. 

Kneizys P. X., E. P. Shettle, L. W. Abreu, J. H. Chetwynd, G. P. Anderson, W. O. Gallery, J. E. A. Selby, and S. 
A. Clough (1988), Users Guide to LOWTRAN 7, Rep. AFGL-TR-88-0177, Bedford, MA: Air Force 
Geophys. Lab.. 

Koch, D., M. Schulz, S. Kinne, C. McNaughton, J. R. Spackman, Y. Balkanski, S. Bauer, T. Berntsen, T. C. 
Bond, O. Boucher, M. Chin, A. Clarke, N. De Luca, F. Dentener, T. Diehl, O. Dubovik, R. Easter, D. W. 
Fahey, J. Feichter, D. Fillmore, S. Freitag, S. Ghan, P. Ginoux, S. Gong, L. Horowitz, T. Iversen, A., 
Kirkevåg, Z., Klimont, Y. Kondo, M. Krol, X. Liu, R. Miller, V. Montanaro, N. Moteki, G. Myhre, J. E. 
Penner, J. Perlwitz, G. Pitari, S. Reddy, L. Sahu, H. Sakamoto, G. Schuster, J. P. Schwarz, Ø. Seland, P. 
Stier, N. Takegawa, T. Takemura, C. Textor, J. A. van Aardenne, and Y. Zhao (2009), Evaluation of black 
carbon estimations in global aerosol models, Atmos. Chem. Phys., 9, 9001-9026, 
doi:10.5194/acp-9-9001-2009. 

Lin, J.-L., G. N. Kiladis, B. E. Mapes, K. M. Weickmann, K. R. Sperber, W. LIN, M. C. Wheeler, S. D. Schubert, 
A. D. Genio, L. J. Donner, S. Emori, J.-F. Gueremy, F. Hourdin, P. J. Rasch, E. Roeckner, and J. F. 
Scinocca (2006), Tropical intraseasonal variability in 14 IPCC AR4 climate models Part I: Convective 
signals, J. Climate, 19, 2665–2690. 

Liu, Z., M. A. Vaughan, D. M. Winker, C. Kittaka, B. J. Getzewich, R. E. Kuehn, A. Omar, K. Powell, C. R. 
Trepte, and C. A. Hostetler (2009), The CALIPSO lidar cloud and aerosol discrimination: Version 2 
algorithm and initial assessment of performance, J. Atmos. Oceanic Technol., 26, 1198–1213. 

Martins, J. V., P. Artaxo, P. V. Hobbs, C. Liousse, H. Cachier, Y. Kaufman, and A. Plana-Fattori (1996), 
Particle size distributions, elemental compositions, carbon measurements, and optical properties of smoke 
from biomass burning in the Pacific Northwest of the United States, in Biomass Burning and Global 
Change, vol. 2, edited by J. S. Levine, pp. 716– 732, MIT Press, Cambridge, Mass. 

Nakajima, T. and M. Tanaka (1983), Effect of wind-generated waves on the transfer of solar radiation in the 
atmosphere-ocean system, J. Quant. Spectrosc. Radiat. Transfer, 29, 521–537. 

Nakajima, T. and M. Tanaka (1986), Matrix formulations for the transfer of solar radiation in a plane-parallel 
scattering atmosphere, J. Quant. Spectrosc. Radiat. Transfer, 35, 13–21. 

Nakajima, T., and M. Tanaka (1988), Algorithms for radiative intensity calculations in moderately thick 
atmospheres using a truncation approximation. J. Quant. Spectrosc. Radiat. Transfer, 40, 51-69. 

Nakajima, T., S.-C. Yoon, V. Ramanathan, G.-Y. Shi, T. Takemura, A. Higurashi, T. Takamura, K. Aoki, B.-J. 
Sohn, S.-W. Kim, H. Tsuruta, N. Sugimoto, A. Shimizu, H. Tanimoto, Y. Sawa, N.-H. Lin, C.-T. Lee, D. 
Goto, and N. Schutgens (2007), Overview of the Atmospheric Brown Cloud East Asian Regional 

- 75 -



Chapter 2 A study of the shortwave direct aerosol forcing using  
ESSP/CALIPSO observation and GCM simulation  

- 76 - 
 

Experiment 2005 and a study of the aerosol direct radiative forcing in east Asia, J. Geophys. Res., 112, 
D24S91, doi:10.1029/2007JD009009. 

Omar, A. H., D. M. Winker, C. Kittaka, M. A. Vaughan, Z. Liu, Y. Hu, C. R. Trepte, R. R. Rogers, R. A. Ferrare, 
K.-P. Lee, R. E. Kuehn, and C. A. Hostetler (2009), The CALIPSO automated aerosol classification and 
lidar ratio selection algorithm, J. Atmos. Oceanic Technol., 26, 1994–2014. 

Osborne, S. R., B. T. Johnson, J. M. Haywood, A. Baran, M. Harrison, and C. L. McConnell (2008), Physical 
and optical properties of mineral dust aerosol during the Dust and Biomass-burning Experiment, J. Geophys. 
Res., 113, D00C03, doi:10.1029/2007JD009551. 

Remer, L. A., and Y. J. Kaufman (2006), Aerosol direct radiative effect at the top of the atmosphere over cloud 
free ocean derived from five years of MODIS data, Atmos. Chem. Phys., 6, 237–253. 

Roesch, A., C. Schaaf, and F. Gao (2004), Use of Moderate-Resolution Imaging Spectroradiometer bidirectional 
reflectance distribution function products to enhance simulated surface albedos, J. Geophys. Res., 109, 
D12105, doi:10.1029/2004JD004552. 

Ruggaber, A., R. Dlugi, and T. Nakajima (1994), Modelling of Radiation Quantities and Photolysis Frequencies 
in the Troposphere, J. Atmos. Chem., 18, 171-210. 

Schaaf, C. B., F. Gao, A. H. Strahler, W. Lucht, X. Li, T. Tsang, N. C. Strugnell, X. Zhang, Y. Jin, J. -P. Muller, 
P. Lewis, M. Barnsley, P. Hobson, M. Disney, G. Roberts, M. Dunderdale, C. Doll, R. P. d’Entremont, B. 
Hu, S. Liang, J. L. Privette, and D. Roy (2002), First operational BRDF, albedo nadir reflectance products 
from MODIS, Remote Sens. Environ., 83, 135–148. 

Schulz, M., C. Textor, S. Kinne, Y. Balkanski, S. E. Bauer, T. Berntsen, T. Berglen, O. Boucher, F. Dentener, A. 
Grini, S. Guibert, T. Iversen, D. Koch, A. Kirkevåg, X. Liu, V. Montanaro, G. Myhre, J. Penner, G. Pitari, S. 
Reddy, Ø. Seland, P. Stier, and T. Takemura (2006), Radiative forcing by aerosols as derived from the 
AeroCom present-day and pre-industrial simulations, Atmos. Chem. Phys., 6, 5225– 5246. 

Sutherland, R.A., and R.K.Khanna (1991), Optical properties of organic-based aerosols produced by burning 
vegetation, Aerosol Sci, Techonol., 14, 331-342. 

Takemura, T., H. Okamoto, Y. Maruyama, A. Numaguti, A. Higurashi, and T. Nakajima (2000), Global 
three-dimensional simulation of aerosol optical thickness distribution of various origins, J. Geophys. Res., 
105, 17,853– 17,873. 

Takemura, T., T. Nakajima, O. Dubovik, B. N. Holben, and S. Kinne (2002), Single scattering albedo and 
radiative forcing of various aerosolspecies with a global three-dimensional model, J. Clim., 15, 333–352. 

Takemura, T., T. Nozawa, S. Emori, T. Y. Nakajima, and T. Nakajima (2005), Simulation of climate response to 
aerosol direct and indirect effects with aerosol transport-radiation model, J. Geophys. Res., 110, D02202, 
doi:10.1029/2004JD005029. 

Tang, I. N., and H. R. Munkelwitz (1994), Water activities, densities, and refractive indices of aqueous sulfates 
and sodium nitrate droplets of atmospheric importance, J. Geophys. Res., 99, 18,801– 18,808. 

Winker, D. M., J. Pelon, and M. P. McCormick (2003), The CALIPSO mission: Spaceborne lidar for 
observation of aerosols and clouds. Lidar Remote Sensing for Industry and Environment Monitoring III, U. 
N. Singh, T. Itabe, and Z. Lui, Eds., International Society for Optical Engineering, SPIE Proceedings, Vol. 
4893, 1–11. 

Winker, D. M., M. Vaughan, A. Omar, Y. Hu, K. Powell, Z. Liu, W. Hunt, and S. A. Young (2009), Overview 
of the CALIPSO mission and CALIOP data processing algorithms, J. Atmos. Oceanic Technol., 26, 
2310-2323. 

Vaughan, M., K. Powell, R. Kuehn, S. Young, D. Winker, C. Hostetler, W. Hunt, Z. Liu, M. McGill, and B. 
Getzewich (2009), Fully Automated Detection of Cloud and Aerosol Layers in the CALIPSO Lidar 
Measurements, J. Atmos. Oceanic Technol., 26, 2034-2050. 

Winker, D. M., J. Pelon, J. A. Coakley Jr., S. A. Ackerman, R. J. Charlson, P. R. Colarco, P. Flamant, Q. Fu, R. 
M. Hoff, C. Kittaka, T. L. Kubar, H. Le Treut, M. P. McCormick, G. Mégie, L. Poole, K. Powell, C. Trepte, 
M. A. Vaughan, and B. A. Wielicki (2010), The CALIPSO Mission: A global 3D view of aerosols and 
clouds, Bull. Amer. Meteor. Soc., 91, 1211-1229. 

Yoshida, M., and H. Murakami (2008), Dust absorption averaged over the Sahara inferred from moderate 
resolution imaging spectroradiometer, Appl. Opt., 47, 1995-2003. 

Young, S. A., and M. A. Vaughan (2009), The retrieval of profiles of particulate extinction from Cloud Aerosol 
Lidar Infrared Pathfinder Satellite Observations (CALIPSO) data: Algorithm description, J. Atmos. Oceanic 
Technol., 26, 1105-1119, doi:10.1175/2008 JTECHA1221.1 

Yu, H., R. E. Dickinson, M. Chin, Y. J. Kaufman, M. Zhou, L. Zhou, Y. Tian, O. Dubovik, and B. N. Holben 
(2004), Direct radiative effect of aerosols as determined from a combination of MODIS retrievals and 
GOCART simulations, J. Geophys. Res., 109, D03206, doi:10.1029/2003JD003914. 

- 76 -



CGER-I132-2017, CGER/NIES 
 

- 77 - 
 

Yu, H., Y. J. Kaufman, M. Chin, G. Feingold, L. A. Remer, T. L. Anderson, Y. Balkanski, N. Bellouin, O. 
Boucher, S. Christopher, P. DeCola, R. Kahn, D. Koch, N. Loeb, M. S. Reddy, M. Schulz, T. 
Takemura, and M. Zhou (2006), A review of measurement-based assessments of the aerosol direct radiative 
effect and forcing, Atmos. Chem. Phys., 6, 613-666, doi:10.5194/acp-6-613-2006. 

 
  

- 77 -



Chapter 2 A study of the shortwave direct aerosol forcing using  
ESSP/CALIPSO observation and GCM simulation  

- 78 - 
 

 

- 78 -



CGER’S SUPERCOMPUTER MONOGRAPH REPORT Vol.23 
CGER-I132-2017 CGER/NIES 

 
 

- 79 - 
 

 

 
 
 
 
 
 
 
 
 

Chapter 3 

 
Applying an ensemble Kalman filter to the assimilation of AERONET 

observations in a global aerosol transport model 
 

 
 
 

This chapter is based on “Schutgens N.A.J., Miyoshi T., Takemura T., Nakajima T. (2010) 
Applying an ensemble Kalman filter to the assimilation of AERONET observations in a global 
aerosol transport model. Atmos. Chem. Phys., 10, 2561-2576”, (c)European Geophysical 
Union. 
 

- 79 -



Chapter 3 Applying an ensemble Kalman filter to the assimilation of  
AERONET observations in a global aerosol transport model  

- 80 - 
 

Abstract 
 

We present a global aerosol assimilation system based on an Ensemble Kalman filter, 
which we believe leads to a significant improvement in aerosol fields. The ensemble allows 
realistic, spatially and temporally variable model covariances (unlike other assimilation 
schemes). As the analyzed variables are mixing ratios (prognostic variables of the aerosol 
transport model), there is no need for the extra assumptions required by previous assimilation 
schemes analyzing aerosol optical thickness (AOT). 

We describe the implementation of this assimilation system and in particular the 
construction of the ensemble. This ensemble should represent our estimate of current model 
uncertainties. Consequently, we construct the ensemble around randomly modified emission 
scenarios. 

The system is tested with AERONET observations of AOT and Angström exponent (AE). 
Particular care is taken in prescribing the observational errors. The assimilated fields (AOT 
and AE) are validated through independent AERONET, SKYNET and MODIS Aqua 
observations. We show that, in general, assimilation of AOT observations leads to improved 
modelling of global AOT, while assimilation of AE only improves modelling when the AOT is 
high. 
 
Keywords: Aerosol, data assimilation, ensemble Kalman filter 
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3.1. Introduction 
 

Although climate change is driven by greenhouse gases, aerosols are actually considered 
the major unknown contributor to the atmospheric radiative balance. This is a consequence of 
both poorly constrained global aerosol distributions, as well as poorly understood 
cloud-aerosol interactions. AeroCom (Textor et al., 2006), a major effort to compare aerosol 
global models, found that the difference between models can be larger than the difference 
between a model and the observations. In particular, it has become clear that aerosol 
modelling suffers from both poorly known boundary conditions (emission scenarios) and 
poorly known parametrisations for various aerosol processes (Textor et al., 2007). While 
aerosol models have rapidly increased in complexity and continue to be further developed 
(Ghan and Schwartz, 2007), there is an immediate need for dealing with various aerosol model 
errors, due to an increased demand for reliable global aerosol fields. 

Aside from further improvements in aerosol modelling, aerosol simulation may benefit 
greatly from successful assimilation of observations. First, it would improve aerosol 
predictions, second it would provide a consistent framework for assessing various model error 
sources. In principle, aerosol assimilation allows one to treat various parameters in a model as 
free parameters and provides a technique to fit those free parameters to available observations. 

In an assimilation system, model results and observations are combined to arrive at a 
weighted average which is closer to the truth than the model results by themselves. Successful 
assimilation requires a solution to two fundamental issues: 1) how to determine the weighting 
factors; 2) how to spread the information from localized observations into the model grid. 
Both of these issues may be addressed through the model prediction error covariance, a 
matrix that describes the covariances among model variables due to variations in model 
parameters. Assimilation systems often differ fundamentally in how they construct this 
covariant matrix. But once it has been constructed, comparison of the model prediction error 
covariance to the errors in the assimilated observations allows the solution of the 
above-mentioned issues. 

Aerosol assimilation is a relatively new field of research, owing to aerosol modelling 
itself being new. Collins et al (2001) attempted Optimal Interpolation (OI) of daily AVHRR 
(Advanced Very High Resolution Radiometer) AOT in a regional model, and Yu et al. (2003) 
similarly used MODIS (Moderate Resolution Imaging Spectroradiometer) AOT for a global 
model. Using the 3D-var formalism, Henzing (2005) assimilated ATSR (Along Track 
Scanning Radiometer) AOT. Generoso et al. (2007) used POLDER (POLarization and 
Directionality of Earth’s Reflectances) observations of AOT and fine mode AOT in a 3D-var 
scheme. In these studies, AOT was always the analysed variable, and various assumptions 
were necessary to translate the analysed AOT into profiles of several species of aerosol for 
further model simulation. When Tombette et al. (2009) assimilated surface observations of 
PM10 using OI, they faced a similar problem. In addition, in both OI and 3D-var techniques, 
the model error covariant structure has to be assumed a-priori and it usually does not vary in 
space or time. Possibly these limitations explain why those studies only showed a mild 
improvement in aerosol modelling. 

Therefore, some research groups have focused on an isolated aerosol species with 
dedicated observations. Zhang et al. (2008) employed a 3D-var system for MODIS AOT to 
improve sea salt modelling in a global model. Niu et al. (2008) and Lin et al. (2008) analysed 
desert dust in a regional model, assimilating either surface visibility and satellite dust loading 
measurements or PM10 observations, to improve dust forecasting in China. Niu et al. (2008) 
employed a 3D-var system while Lin et al. (2008) chose an ensemble Kalman filter (EnKF). 
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Yumimoto et al. (2008) used LIDAR extinction by desert dust (identified from its 
depolarization ratio) to improve dust storms with a 4D-var scheme. In general, these studies 
showed improvement in the modelling of the aerosol field. 

At the European Centre for Medium-Range Weather Forecasting (ECMWF), a 4D-var 
system for global aerosol assimilation has been developed by Benedetti et al. (2009), using 
MODIS observations. The potential of space-borne LIDAR observations of aerosols from 
CALIPSO was shown by Sekiyama et al. (2010). For an alternative take on combining model 
results and observations, see Dubovik et al. (2008) who attempted to fit MODIS observations 
to transport calculations with global emission as free parameters. 

In data assimilation, Ensemble Kalman filters are a new development (Evensen, 1994). In 
an ensemble Kalman filter, an ensemble of model simulations is used to represent the model 
prediction error covariance. This allows for realistic, spatially and temporally varying 
covariances to propagate the observed information in the model grid. Although 4D-var 
schemes can in principle also represent spatially and temporally varying model covariances, 
CPU and memory restraints make this rather impractical for global models. Also, development 
of a 4D-var system is much more complicated than an EnKF as the latter is essentially 
independent of the model that is used. For a further comparison of 4D-var and EnKF, we refer 
to Kalnay et al. (2007). Various flavours of EnKF have been developed, e.g. Houtekamer and 
Mitchell (1998) used a double ensemble to improve statistical representation and Whitaker 
and Hamill (2002) introduced the ensemble square root filter which allows easier treatment of 
the observations. 

In this paper, we will introduce a new assimilation system for global aerosol simulations, 
based on the Spectral Radiation-Transport Model for Aerosol Species (SPRINTARS) 
(Takemura et al., 2000, 2002, 2005) and the Local Ensemble Transform Kalman filter 
(LETKF) (Hunt et al., 2007; Miyoshi and Yamane, 2007; Szunyogh et al., 2008). This system 
will assimilate AERONET observations of AOT and AE. The resulting global aerosol fields 
(again AOT and AE) will be validated with independent observations from AERONET, 
SKYNET and MODIS Aqua. In a future paper, we discuss several sensitivity studies that were 
performed for the assimilation system, show its robustness and determine optimal values for 
various numerical parameters. 

In Sect.3.2, we present a quick overview of the Kalman filter and describe in detail the 
approach we have taken to apply an ensemble Kalman filter to global aerosol modelling. In 
Sect. 3.3, we briefly introduce the global aerosol model SPRINTARS and the modifications 
we introduced for the current paper. Since good observations are essential to reliable 
assimilation, Sect. 3.4 discusses the quality-assured level 2 AERONET data and discusses how 
we arrived at our observational error statistics. The results of the assimilation will be 
compared to both the standard simulation and independent observations in Sect. 3.5. A 
summary of our work can be found in Sect 3.6. 
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3.2. LETKF: ensemble Kalman filter 
 
3.2.1. The Kalman equation 
 

In any Kalman filter, the essential equation to solve is the Kalman equation (Rodgers, 
2000) which relates an analysed state xa to the forecast state xf as 

 
�� � �� � �� ∙ �� ∙ ��� ∙ �� � � ∙ ���    (3.1) 

 
Here x is a vector containing the state of the model (in our case, aerosol mixing ratios for fine 
and coarse aerosol at all grid locations, including all vertical levels). The forecast state is 
updated (to the analysis) by considering the innovation, the difference between actual (y) and 
simulated values (Hxf) of selected observables. In this paper, y will be a vector of observed 
AOT and AE at various locations. The observation operator H transforms the forecast state 
vector into simulated observations. Finally, the innovation is multiplied with the so-called 
Kalman gain which contains the model prediction error covariance P, the observation operator 
and the observational error covariance R, all of which are matrices. 

The only unknown variable in Eq. (3.1), apart from xa, is the analysis model prediction 
error covariance Pa. It must either be assumed or it can be found by solving 

 
�� � �� � �� ∙ �� ∙ ��� ∙ ���� ∙ ��     (3.2) 

 
where I is the identity matrix and Pf = < xf xf > the forecast model prediction error covariance. 
The latter can, in principle, be obtained from model calculations (more on this later). It can be 
shown (e.g. Bouttier and Courtier, 1999; Rodgers, 2000) that solving these equations is equal to 
minimizing the following cost function 
 
����� � ��� � ���� ∙ ���� ∙ ��� � ��� � �� � � ∙ ���� ∙ ��� ∙ �� � � ∙ ���  (3.3) 

 
which minimizes the “distance” of xa to both the forecast xf and the observations, while taken 
the error estimates in both forecast and observations into account. 

The model prediction error covariance is assumed a-priori (Bouttier and Courtier, 1999) in 
many implementations of the Kalman filter (notably optimal interpolation and 3D-var, but 
usually also in 4D-var). Often, observations will be used to guide its shape, but there will be 
no causal relationship between the simulated xf and the assumed Pf. For optimal interpolation 
and 3D-var, this is due to limitations in the assimilation approach. For 4D-var, this is due to 
computer resource restraints. If the state vector has n elements, than the covariance matrix has 
n2 elements that all have to be propagated forward in time. In the ensemble Kalman filter this 
problem is removed by calculating Pf from an ensemble of model calculations at the moment of 
assimilation. Since P will evolve as the ensemble xf evolves, the ensemble Kalman filter can 
represent flow-dependent covariance information. The drawback is that this covariance is 
noisy as it is an average over a finite size ensemble. 
 
3.2.2. Local ensemble transform Kalman filter 
 

The LETKF is a recent development of the ensemble Kalman filter (Hunt et al., 2007; 
Miyoshi and Yamane, 2007; Szunyogh et al., 2008), aimed at efficient parallel treatment of the 
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assimilation algorithm. In the LETKF the assimilation is performed while considering only a 
local subgrid of the full grid. This is possible since spatial correlations in the aerosol field 
usually extend over no more than a few hundreds of kilometers. Any observations more than, 
say, 1000 km away from a grid-point are unlikely to contain useful information for the 
assimilation in that grid-point. As a consequence, the assimilation can be very effectively 
parallelized, with different processors calculating the analysed state vector of different regions 
of the full grid. 

In any ensemble Kalman filter, there are a number of numerical parameters that require 
(some) tuning for the filter to work optimally. For LETKF, these are (roughly from most to 
least important): ensemble size ne, local patch size lp and horizontal localization factor lh 
(together lp and lh define the maximum range, in grid-points, at which observations still 
influence the assimilation) and inflation parameter g (a multiplier to increase the ensemble 
spread to mitigate the negative influence of a limited ensemble size). More detailed 
information can be found in aforementioned publications or in the aforementioned future 
paper. For the present study, we have used ne = 40, lp = 4, lh = 2 and g = 1.1. As shown in a 
future paper, these (optimal) choices allow for robust and reliable assimilation of AERONET 
data. Actually, an ensemble size of 40 is probably larger than necessary, ne = 20 seems 
sufficient for our work.  

A complete assimilation cycle consists of the forward simulation of the SPRINTARS 
ensemble for three hours (simulated world time) followed by a single execution of LETKF. 
The analysed aerosol fields then serve as initial conditions for the next forward simulation. 

 
3.2.3. The analyzed variable and the observations 
 

Although SPRINTARS (see also Sect. 3.3) simulates 22 sub-species of aerosol, we will 
summarize them into a fine (carbons and sulfate) and a coarse (sea salt and dust) mode for the 
purpose of assimilation (although SPRINTARS simulates a fine mode for sea salt and dust, we 
include them with the coarse mode. Figure 3.1 shows these fine modes do not affect overall 
seasalt and dust AE greatly). Thus, our state vector for the assimilation consists of fine and 
coarse mode mixing ratios at every grid-point, for all 20 vertical levels. After assimilation, 
mixing ratios for each sub-species are determined from their relative fractions before 
assimilation.  

The observation operator H, however, is calculated using the original sub-species mixing 
ratios. For each ensemble member, scattering properties per unit mass for both the fine and 
the coarse mode are calculated. An ensemble averaged scattering property Cfin(λ) for e.g. the 
fine mode is defined 

 
������� = �∑ ������ ����� ∑ ������� �     (3.4) 

 
where the accent denotes scattering properties and mixing ratios for each SPRINTARS 
sub-species and the brackets denote the ensemble average in every gridpoint. 

This allows the following definition of the observation operation (H · xf in Eq. 3.1) for e.g. 
AOT, 

 
���� = ∑ �������������� � ������������������� �����     (3.5) 

 
where xk is the aerosol fine or coarse mixing ratio for the kth layer for a single ensemble 
member and matm is the gaseous mass of said layer. Note that we sum over all 20 σ -layers. For 
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AOT, the observation operator is clearly linear. The Angström exponent AE is of-course a 
function of wavelength dependence of AOT: 
 

� � ����������/������/������/���      (3.6) 
 
which is clearly non-linear in the mixing ratios. Therefore, we linearize it around the 
ensemble mean. 

There is quite some uncertainty about the exact growth curves of aerosol with humidity, 
and in particular the effects of aging and coagulation on those growth curves. The growth 
curves themselves affect the forward simulation by SPRINTARS (deposition speeds) and the 
assimilation by LETKF (scattering properties) and are therefore essential information. When 
the relative humidity exceeds 80%, wet growth effects become very important. To limit errors 
in simulated observations, we do not assimilate observations when the column-averaged 
relative humidity (weighted by AOT per layer as calculated from the model) is over 80%. 
Consequently, regions that routinely have high humidities will never benefit from assimilation 
and the analyzed fields in those regions will be similar to the forecast fields. 
 
 

 
 

Figure 3.1 Histogram of AE observed worldwide by AERONET for July 2005. Only observations 
with an estimated error smaller than 0.25 are shown. Also shown are current (regular font) 
and previous (italicized font) values of AE for the major SPRINTARS aerosol species 
(center of the text coincides with AE at 80% humidity).  
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3.3. SPRINTARS: global aerosol transport model 
 
SPRINTARS is a global transport model for aerosols (Takemura et al., 2000, 2002, 2005) 

built on top of the MIROC (Model for Interdisciplinary Research on Climate) AGCM 
(Numaguti et al., 1995). Four major groups of aerosol are represented by calculations in 22 
different bins: sulfate (1 bin), carbons (7 species, each with their own bin), sea salt (4 size 
bins) and mineral (10 size bins). The model calculates emission, transport, gravitational 
settling and wet and dry deposition. We run SPRINTARS v. 3.54 at a resolution of t42 and 20 
σ-layers. This translates into a horizontal resolution of 2.8° or about 312 km at the equator. 
The atmosphere has about 6 layers in the lowest 2.5 km. 

SPRINTARS was specifically designed for climate studies and hence allows feedback 
from the aerosol fields on the meteorological fields (both direct and indirect aerosol effects are 
accounted for, see Takemura et al., 2005). For assimilation purposes, this may not be the most 
practical setup (at least initially) as the aerosol fields will affect the meteorology. We try to 
temper this feedback by nudging the meteorological fields to NCEP reanalysis fields of 
temperature, horizontal windspeeds and specific humidity with a time-scale of half a day (a 
day for humidity). 

The scattering properties of simulated aerosols are calculated differently from standard 
SPRINTARS (Takemura et al., 2002). First, the full particle size distribution is taken into 
account. (Original SPRINTARS uses scattering properties calculated at effective sizes only.  
For AOT this leads to relatively small differences, for Angström exponent the differences are 
significantly larger). Second, the widths of the size distribution for sulfate and carbons were 
modified. If we use the original width, AE for either sulfate or carbon individually is rather 
low (<1) which precludes the possibility of high AE (>1.5) as is often observed by 
AERONET (see Figure 3.1). Therefore, we chose to use the widths as suggested by Omar et al. 
(2005) for the fine modes of his category 4 (industrial pollution) and category 2 (biomass 
burning) aerosol types. 

The assimilation system requires an ensemble of SPRINTARS model calculations. The 
difference between the ensemble members should reflect our estimate of the model prediction 
error. In the current study, the ensemble members differ mainly in their emission scenarios. 
Furthermore, they will also differ in their initial conditions. 

Since it is primarily uncertainty in emission inventories that is our concern, we create an 
ensemble by taking the standard aerosol emission inventories and modifying them for each 
ensemble member. Throughout the grid, each major species has its emission modified by the 
same random factor drawn from a log-normal distribution. The mean and spread of this 
distribution are both usually chosen to be 1. In the present study, the sea-salt emission is not 
modified. Sulfate from SO2 emission (i.e. industrial pollution and ship exhausts) is modified 
but not sulfate from DMS or volcanic emission. The emissions of the seven sub-species of 
carbon aerosol are modified with the same factor. Similarly, the emissions of ten size bins of 
dust are modified with the same factor. As a result of these emission perturbations, the ratio of 
the standard deviation to the mean AOT for the individual major aerosol species has a value ~ 
0.6 for carbon and sulfate, ~0.6 – 2.4 for dust (due to the different windfields of each 
member) and less than 0.2 for sea salt, in an ensemble run without assimilation. 

Although we also vary initial conditions, this turned out to be relatively unimportant due 
to the short residence times of atmospheric aerosol. For the present study, we have randomly 
modified an initial condition (aerosol mixing ratios) determined from a year-long spin-up run. 
The initial conditions for the meteorological fields are derived from a spin-up run of 
SPRINTARS with unmodified emissions, which is itself initialized from the NCEP reanalysis. 
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3.4. AERONET: AOT observations 
 
AERONET (http://aeronet.gsfc.nasa.gov/) is, to date, the most dedicated effort in 

establishing a global surface network with the purpose of observing the aerosol system. Since 
1993, it has provided AOT and AE at various wavelengths, from 340 to 1640 nm. Barring 
instrument malfunction, maintenance, clouds or low sun angles, measurements are made with 
a time sampling of ~ 15 min. Thanks to rigorous calibration, the instruments should be able to 
achieve an accuracy of εo = 0.01 − 0.02 (Eck et al., 1999). The AERONET website states that 
AOT for λ > 400 nm, can be expected to have an error of 0.01. Comparison between 
instruments revealed errors of εo = 0.015 (Schmid et al., 1999). In recent years, the network 
has greatly expanded and up to 2009 included 446 stations (although not all were operated at 
the same time). 

For our assimilation experiments, we will focus on July 2005. Of all AERONET data up 
to and including 2007, this is the month with the most observations. At that time 131 stations 
were operational (Figure 3.2). From these stations we use quality-assured level 2 AOT at 675 
nm and AE based on AOT at 440 and 870 nm. These wavelengths were chosen for their 
availability (e.g. not every station has a 500 nm channel) and relative accuracy (e.g. below 
400 nm, AOT errors estimates increase, retrieved AOT near 765 nm is insensitive to size 
distribution assumptions (Nakajima et al., 2007), AOT at 1020 nm is affected by water vapour). 
Scattering properties at 440 and 870 nm are also sufficiently different that AE can be expected 
to contribute independent information. 

In preparing the AERONET data for assimilation, we will average them over 2 h, centered 
on the latest SPRINTARS time-step. The error that will be attributed to this averaged 
observation is the (squared) sum of a representation error and an observational error ε2=εr

2+εo
2. 

Here the representation error is divided by the square root of the number of observations in 2 
h (essentially, we assume representation noise to be random and independent). 
 

 
Figure 3.2 Location of all surface sites used in this study. Crosses: AERONET sites used for 

assimilation; blocks: AERONET sites used for validation; triangle: SKYNET sites used 
for validation. The names of the validation sites are also indicated. Note that “Karlsruhe” 
had to be shifted to the North to prevent clutter. 
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3.4.1. AERONET AOT error analysis 
 
The observational error in AOT we estimate conservatively as εo = 0.015. Note that we 

also assume that this error is more or less constant during two hours. 
To evaluate the representational error, we look at the variability of AOT over short time 

ranges for both AERONET and SPRINTARS. We can estimate the AERONET AOT 
variability within half an hour or one hour of a central time (see Figure 3.3) using 2 h 
time-intervals of uninterrupted observations for all AERONET sites in 2005 (3 h intervals 
would be more interesting but they occur only infrequently). These intervals were divided in a 
central 1 h interval and a remainder 1 h interval (consisting of two 30 min. intervals). Relative 
differences with respect to the central interval mean were calculated. By taking results from 
all central intervals for one site, an estimate of the AOT variation within one hour at that site 
could be obtained (it is the standard deviation of relative differences). Likewise, an estimate 
of the AOT variation in the remainder 1 h interval was derived. In Figure 3.3, these variations 
have been given a notional time differences of 15 min (central hour) and 45 min (remainder 
hour), which is the average time difference from the central time. 

SPRINTARS AOT is only available with a sampling of 3 h, so an analysis identical to the 
previous one is not possible. Instead we calculated the standard deviations of relative 
differences in subsequent SPRINTARS AOT values at the location of AERONET sites. 

Figure 3.3 suggests that, at similar time scales, SPRINTARS variability is much less than 
that of AERONET. This difference in temporal variability is not surprising: SPRINTARS uses 
a timestep of 20 min, at a relatively coarse spatial resolution. If we assume that SPRINTARS 
has any validity, then the lack of detail in the simulation is first of all the result of a (spatial 
and temporal) averaging operation. In that sense, we can interpret the variability in the 
AERONET observations as noise that would act as a representation error when comparing 
AERONET to SPRINTARS. 

From Figure 3.3 we conclude that the size of this representation error is, averaged over all 
sites, 5.5% in the central hour and 11% in the remainder hour. A convenient representation 
would be 

 
    (3.7) 

 
where t is the time separation (in minutes) between the time at assimilation and the 
relevant AERONET observation and FLOOR is the function that maps a value to its next 
lowest integer. 
 
  

- 88 -



CGER-I132-2017, CGER/NIES 
 

- 89 - 
 

 
 
Figure 3.3 Temporal variation of AERONET and SPRINTARS AOT at different time scales for 

individual sites. The triangles refer to variations in AERONET AOT. The diamonds refer to 
variations between 3-hourly SPRINTARS AOT. 

 

 
 
Figure 3.4 Temporal variation of AERONET and SPRINTARS AE at different time scales for 

individual sites. The triangles refer to variations in AERONET AE. The diamonds refer to 
variations between 3-hourly SPRINTARS AE. 

 

 
Figure 3.5 The effect of correlations in AOT errors at 440 and 870 nm on the AE error. The error 

shown is relative to the absolute AE error for uncorrelated AOT errors. The absolute AOT 
errors at both wavelengths were assumed identical in magnitude. 
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3.4.2. AERONET AE error analysis 
 

A similar analysis of temporal variability can be made for AE and is shown in Figure 3.4. 
We estimate the associated representation error to be 

 
    (3.8) 

 
The observational error in AE can of course be estimated by propagating the observational 

errors in AOT at 440 and 870 nm. Here we will assume that these errors are uncorrelated. 
Whether this is in fact true, is unknown. Neither a literature study, nor consulting with experts 
(O. Dubovik, A. Smirnov) yielded any information on this point. Sensitivity studies show that 
unless AE is small and the correlation is high (see Figure 3.5), the effect of correlations in 
AOT on the error in AE is small. 

 
 

3.5. Validation of the assimilation 
 
We will now discuss results of the assimilation by comparing them to independent 

observations. For this purpose, eight AERONET sites were excluded in preparing observations 
for the assimilation. In addition SKYNET and MODIS observations will also be used for 
independent comparison. Table 3.1 defines the assimilation experiments that we performed. 
They differ in what observations are assimilated (AOT for A1, AOT and AE for A2) and the 
global scaling factor (independent of the random perturbation, see Sect. 3.3) applied to the 
emission inventories (1 for E1 and either 0.5 or 2 for E2). The experiments that we will 
discuss in some detail are A2E1, A1E2 and A2E2 (A1E1 is not discussed as it does not reveal 
anything new). Results will be compared to both independent observations and the control run 
Estd, which is the standard SPRINTARS simulation. 
 

Table 3.1 Assimilation experiments used in this paper. 

id 
assimilated 

observations 
ensemble 

size 

scaling factor 

fcarb fsulf fdust 

Estd none 1 1 1 1 
A1E1 AOT 40 1 1 1 
A2E1 AOT & AE 40 1 1 1 
A1E2 AOT 40 0.5 2 0.5 
A2E2 AOT & AE 40 0.5 2 0.5 

 
 
3.5.1. Independent AERONET observations 
 

The AERONET sites excluded from the assimilated observations were chosen to have 
neighboring AERONET sites in all four wind-directions, at a distance of least one grid cell. 
The exception is the Darwin site which only has Jabiru to the east. In Figures 3.6 and 3.7, we 
show comparison between independent observations of AOT and AE and the results from 
assimilation experiments A1E2 and A2E2. The standard SPRINTARS simulation Estd is 
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shown as well. Experiment A2E1 looks similar to A2E2. 
Quite generally speaking, results for AOT and AE agree better with the observations 

because of the assimilation. Still many events of short duration are missed as well as some 
longer events. AE is only substantially affected when AOT is high, as may be expected (in that 
case, observational errors in the assimilated AE are small). 

For the Ames site (central USA), we see that the standard AOT is significantly 
underestimated. Assimilation improves this but two multi-day events with poor AOT 
simulation still occur (10–12 July and 21–23 July). For the first event, a South-Easterly wind 
prevails, during which the Bondville site (located 475 km to the south-east of Ames) has 
almost no observations to be assimilated. For the second event, no apparent reason presented 
itself. Assimilation of AE does not appear to have much effect. In some cases, AE actually 
deteriorates. For the 5 July event this is likely due to low AOT. 

For the CCNY site (east coast of USA), we see again an underestimation by the standard 
simulation, which is improved somewhat by the assimilation. Both the standard simulation and 
the assimilation overestimate AE. At least three such events (5 July and 9–10 July and 23 July) 
are characterized by low AOT (τ ≤ 0.15). 

At the Bahrain site (Kingdom of Bahrain, east of Saudi-Arabia), we clearly see a strong 
positive impact of the assimilation on both AOT and AE. While AOT is overestimated in the 
standard simulation, AE is underestimated (too much coarse aerosol is in the air). The 
assimilation neatly corrects this. At Bahrain, in July 2005, the wind is mostly North-Westerly 
but no nearby sites are located in that quadrant (e.g. SEDE BOKER is some 1600 km away). 
We surmise that it is the downwind sites to the south of Bahrain that improve the simulation at 
Bahrain. Note also that although the A1E2 experiment shows an AOT very similar to A2E2, 
AE is overestimated. 

Also at the Cinzana site (Mali, Western Africa), we see the positive impact of assimilation, 
but here the standard simulation tends to underestimate AOT and overestimate AE (too little 
dust in the air). The large discrepancies between the assimilated AOT and the observation in 
the first few days may be due to initial effects (the initial condition is also randomized in our 
ensemble), although no such thing is seen for the other sites. Note that assimilated AE shows 
large deviations from the observation at times of low AOT (e.g. 12 and 16 July). Again, the 
A1E2 experiment shows an AOT very similar to A2E2, but AE is overestimated. 

The European sites at Karlsruhe, Le Fauga and Minsk will be collectively discussed. First 
of all, we see little difference between AOT and AE for both Estd and A2E2, as well as A2E1 
(note that A2E1 is not shown, but A1E2 is shown). All experiments agree reasonably well 
with the independent observations. This firstly suggest that the standard emission scenarios 
for Europe are quite acceptable. At the same time, assimilation is able to correct AOT when 
we assume incorrect emissions (A2E2). Le Fauga shows two multi- day events (9–11 July and 
15–17 July) where the prevailing wind direction is Westerly and the assimilation is actually 
worse than the standard simulation. This is quite unusual and suggests model errors affecting 
the assimilation negatively. Since Le Fauga is located just north of the Pyrénees mountains, it is 
interesting to note that wind direction and quality of the assimilation correlate. Northerly winds 
(10–13 July) yield good assimilation while a South-Westerly wind (15– 17 July) yields poor 
results. 

The last site with independent observations to discuss is Darwin. This has only a single 
station nearby (Jabiru, 125 km to the East) but the wind is predominantly Easterly and the 
observations at both sites correlate well. Nevertheless, assimilated AOT and AE tend to be 
underestimated. It is also obvious that there is very little difference between the standard 
simulation and A2E2. According to the model, more than 50% of AOT comes from sea salt, 
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that is not represented by an emission ensemble. Moreover at the location of Jabiru, the model 
prediction error and the observation error in AOT are similar in size (∼ 0.015), so the Jabiru 
observation should not be expected to have a large impact on the assimilation. 

Finally we note that substantial differences between observed AE and the assimilation 
occur when either AOT also differs (Ames 4 and 21–24 July, CCNY 18–20 July, Cinzana 4 
July, 24–25 July, Karlsruhe 12–13 July, Le Fauga 15–16 July, Minsk 7 July, 15 July) or 
observed AOT is very low (CCNY 2–4 July, 9–10 July, 21–23 July, Cinzana 12 July, 16 July, 
Le Fauga 11–15 and 19–21 July, Minsk on most days). The first situation needs no 
corroboration, in the second situation observed AOT should be representative of the AOT of 
the assimilated observation and hence the error in assimilated AE. The Cinzana site is most 
instructive in this respect. Whenever AOT drops below 0.2, observed AE and the assimilation 
result can differ substantially. 

 

- 92 -



CGER-I132-2017, CGER/NIES 
 

- 93 - 
 

 
 

Figure 3.6 AOT and AE at selected AERONET sites for both the Estd (black) simulation and the 
A1E2 (blue) and A2E2 (red) experiments. Also shown are actual observations (green 
squares). 
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Figure 3.7 AOT and AE at selected AERONET sites for both the Estd (black) simulation and the 
A1E2 (blue) and A2E2 (red) experiments. Also shown are actual observations (green 
squares). 
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3.5.2. Independent SKYNET observations 
 
In Figure 3.8 we show a comparison with SKYNET observations, which is a local 

South-East Asian network (http://atmos2.cr.chiba-u.ac.jp/skynet/) rather similar to 
AERONET (see also Nakajima et al. (2007)). Note that the number of AERONET sites in 
South-East Asia that can be used for assimilation is quite limited, so we don’t expect a great 
impact from assimilation. 

For instance at the Toyama (Japan) site, there is some difference between the standard 
simulation and A2E2, but we can’t really say that assimilation positively influences AOT in 
the first twenty days. However, the nearest AERONET sites (Osaka and Shirahama) have only 
few observations in the first half of the month. In the last ten days, they provide more 
observations and we see that the assimilation result for A2E2 agrees better with the 
observations. Moreover, it would seem that the SKYNET data for Toyama still suffer from 
some cloud contamination as can be seen in the relative high AOT in Figure 3.8 and even more 
clearly in Figure 3.9 where 2-h averages of AOT at Shirahama, Osaka and Toyama are plotted 
together. 

The Cape Hedo site (Okinawa, Japan) is more promising, with Tapei CWB (700 km), 
Osaka & Shirihama and Anmyon (∼ 1100 km) nearby. But also for this site, assimilation seems 
to have little impact. The first half of the month, the wind blows from the South-East and 
consequently sea salt dominates the standard simulation AOT at Cape Hedo. The high AOT 
and AE actually observed are probably due to high sulfate loads, as confirmed by surface 
measurements (EA team, 2005). They likely result from the volcanic eruptions by Anatahan 
(M. Ruminski, personal communication, 2009). OMI (Ozone Monitoring Instrument) clearly 
detects the SO2 plume from Anatanan, sweeping over Cape Hedo in July 2005. In the second 
half of the month, the winds shift and now blow industrial pollution from the Asian mainland 
over Cape Hedo. Consequently, the assimilation seems to yield better results. 
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Figure 3.8 AOT and AE at selected SKYNET sites for both the Estd (black) simulation and the 

A1E2 (blue) and A2E2 (red) experiments. Also shown are actual observations (green 
squares). 

 
 
 

 
Figure 3.9 Observed 2-h averaged AOT for Toyama (asterisks), Osaka (diamonds) and 

Shirahama (plusses). Consecutive Toyama data are connected with lines to bring out the 
sudden AOT changes, likely due to cloud contamination. 

 
 

Figure 3.9 Observed 2-h averaged AOT for Toyama (asterisks), Osaka (diamonds) and 
Shirahama (plusses). Consecutive Toyama data are connected with lines to bring out the 
sudden AOT changes, likely due to cloud contamination. 
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3.5.3. Independent MODIS observations 
 
Finally, we compare our assimilation experiment A2E1 to MODIS Aqua observations 

(coll. 5) of AOT at 550 nm. For the independent AERONET data, we found only small 
differences between experiments A2E1 and A2E2. But now that we turn to satellite 
observations that cover a large area, considerable parts of which may not be sampled by the 
AERONET sites for assimilation, it seems better to use an emission ensemble centered around 
the standard SPRINTARS emission scenarios. 

Of course, direct comparison between AOT for the simulation and the MODIS 
observations will not be straightforward. First of all, there is a large discrepancy in the spatial 
resolution of the model (2.8°) and the observations (10 km). We have resampled the MODIS 
observations to 0.5° by 0.5° but this does not improve the discretized model calculation. Next, 
there is a difference in temporal sampling. The global model AOT is known at three hour 
intervals, while the observations are taken at various times depending on the geographic 
location. We have averaged model AOT over the range of relevant MODIS observation times. 
Thirdly, satellite observations of AOT over land are notoriously difficult due to errors in 
assumed surface albedo and assumed aerosol type. Fourthly, MODIS observations are not 
always available due to e.g. cloudiness. When they are available, they may be contaminated 
with cloud signals. Finally, model and MODIS AOT are calculated for slightly different 
wavelengths (500 vs. 550 nm). Due to these reasons, we can only hope to compare general 
patterns in AOT in the following paragraphs. 

We have selected three scenes for comparison based on the following criteria. Since the 
AERONET network should sample these scenes sufficiently, we are limited to Northern 
America, Northern Africa and Europe. Also, there should be a significant difference between 
the standard simulation and the assimilation experiment A2E1. This led us to select three 
particular dates. 

In Figure 3.10, we show Europe and Northern Africa on 13 July 2005. In agreement with 
the MODIS observations are the following. The assimilated AOT shows a strong reduction of 
the extensive dust storm over Sudan, Ethiopia and the Arabian peninsula. Likewise, the dust 
storm over Algeria is not as pronounced. The pollution over Northern France and the low 
countries has increased in the assimilated AOT. However, neither standard nor assimilated 
AOT agree with the MODIS observations of dust storms on the African west coast or in Niger 
or the pollution in Spain. A couple of interesting features, like the changes in pollution over 
Italy, Romania and the Black sea can not be verified due to cloudiness in the satellite 
observations 

In Figure 3.11, we show Northern America on 14 July 2005. In agreement with the 
MODIS observations are the following. The assimilated AOT is significantly increased in 
central East America and there is more aerosol in Southern California and Baja California 
(Mexico). In addition assimilated AOT is increased west of Hudson bay, something the MODIS 
observations seems to confirm although many observations are absent. Neither Estd nor A2E1 
predicts the aerosol seen by MODIS either South of Hudson bay or in North West Canada. 

Finally, we again turn to Europe on 26 July 2005 in Figure 3.12. Assimilated AOT due to 
dust and pollution is elevated over the standard AOT, in North Africa, the Mediterranean and 
Northern Italy as well as Central Europe, as confirmed by MODIS. Regretabbly the higher 
assimilated AOT over North West Europe can not be validated due to cloudiness. Neither 
standard nor assimilated AOT shows the pollution east of the Caspian sea. 

Clearly, assimilated AOT is often in better agreement with the observations than the 
standard AOT. If there are insufficient AERONET sites, then the assimilation often fails to 
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improve AOT. Finally, we point out that even when MODIS observes clouds, and hence 
cannot be used to validate assimilated AOT, assimilated AOT may still be improved due to 
unobscured observations assimilated at earlier times. 

 
 
 

 
 

Figure 3.10 AOT over Europe and Northern Africa on 13 July 2005 (09:00–14:00 GMT). Top 
left panel shows the standard SPRINTARS simulation, top right panel shows 
MODIS Aqua observations and bottom panel shows SPRINTARS assimilation. 
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Figure 3.11 AOT over Northern America on 14 July 2005 (16:00–2200 GMT). Top left panel 

shows the standard SPRINTARS simulation, top right panel shows MODIS Aqua 
observations and bottom panel shows SPRINTARS assimilation. 

 
 

 
Figure 3.12 AOT over Europe on 26 July 2005 (09:00–14:00 GMT). Top left panel shows the 

standard SPRINTARS simulation, top right panel shows MODIS Aqua observations 
and bottom panel shows SPRINTARS assimilation.   

Figure 3.11 AOT over Northern America on 14 July 2005 (16:00–2200 GMT). Top left panel 
shows the standard SPRINTARS simulation, top right panel shows MODIS Aqua 
observations and bottom panel shows SPRINTARS assimilation. 

Figure 3.12 AOT over Europe on 26 July 2005 (09:00–14:00 GMT). Top left panel shows the 
standard SPRINTARS simulation, top right panel shows MODIS Aqua observations 
and bottom panel shows SPRINTARS assimilation.   

Figure 3.11 AOT over Northern America on 14 July 2005 (16:00–2200 GMT). Top left panel 
shows the standard SPRINTARS simulation, top right panel shows MODIS Aqua 
observations and bottom panel shows SPRINTARS assimilation. 

Figure 3.12 AOT over Europe on 26 July 2005 (09:00–14:00 GMT). Top left panel shows the 
standard SPRINTARS simulation, top right panel shows MODIS Aqua observations 
and bottom panel shows SPRINTARS assimilation.   
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3.6. Summary and conclusions 
 
We have developed, implemented and tested an assimilation system for a global aerosol 

transport model. Our aerosol model SPRINTARS calculates the emission, transport and 
removal (due to gravitational settling, wet and dry deposition) of four basic aerosol species 
(carbons, sulfate, sea salt and dust). The assimilation is performed by a Local Ensemble 
Transform Kalman filter. In this paper the ensemble of model simulations is constructed by 
modifying the standard emission scenarios for SPRINTARS, in particular those for sulfate, 
carbons and desert dust. 

Using an ensemble of model simulations is a computationally efficient way to represent 
spatially and temporally varying model covariant information, that is used to spread the 
information from localized observations throughout the model grid. Other assimilation 
schemes (Optimal Interpolation, 3D-var, 4D-var) have to employ a-priori assumed model 
covariances (often constant in space and time), that are decoupled from the model calculations. 
In addition, our analyzed variables are the mixing ratios of the aerosol fine and coarse mode 
in an atmospheric profile. Most aerosol assimilation schemes analyze AOT, and require extra 
assumptions on how this translates into profiles of mixing ratios. 

In this paper, we assimilate quality-assured level 2 AOT (675 nm) and AE (870 vs. 440 
nm) from AERONET sites. These observations were averaged over two hours to increase their 
representativeness for a model simulation run at t42 with a 20 min time-step. Particular 
attention was given to error estimates of the assimilated observations, which consists of 
independent contributions of an observational error and a representation error (high frequency 
noise due to small scale aerosol physics). 

In a future paper, we discuss sensitivity studies in which we varied several numerical 
parameters and assumptions required by the ensemble Kalman filter. In this paper, all 
experiments were conducted for a 40-member ensemble but a 20-member ensemble seems to 
yield similar results.  

In the current paper, however, we only discuss results for 4 assimilation experiments 
where we varied some basic assumptions about the emission scenarios (in particular: a scaling 
factor) and the type of assimilated observations (either AOT only or both AOT and AE). 
Simulated fields of AOT and AE from these experiments are compared to both a standard 
simulation with SPRINTARS (no assimilation) and independent observations at various 
geographic locations. In particular, we excluded 8 AERONET sites from contributing 
observations to the assimilation and later used them for validation. In addition, SKYNET 
observations (South-East Asia) and MODIS Aqua observations of Northern America, Europe 
and Northern Africa were also used for validation. 

The comparison with independent AERONET observations is important as they are the 
most reliable and accurate data set used for validation. However, the validation sites were 
chosen to be in fairly close proximity to other sites (more than 1 but less than 3 grid cells 
distance) and usually were “surrounded” in all four wind directions by AERONET sites that 
contributed observations to the assimilation. 

Results show that the assimilation can substantially improves modelled AOT and 
sometimes AE. This is particularly obvious for the North American (Ames, CCNY), African 
(Cinzana) and Arabian (BAHRAIN) sites, where the standard simulation diverges strongly 
from the observation. However, our experiments with various emission scenarios show that 
also for European sites, where the standard simulation is more acceptable, the assimilation 
improves the AOT. Assimilating AE leads to a substantial improvement of modelled AE for 
Cinzana and BAHRAIN. However, the North-American and European sites seem not to 
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benefit much from the additional information present in AE. One reason is likely the large 
errors in AE observations due to low AOT. From the Cinzana and BHARAIN results we 
surmise that AOT needs to be at least ∼ 0.4 if AE is to have any positive effect. However, the 
fact that AE observations are useful in low AE cases but less so in high AE cases, may also be 
due to our definition of fine mode aerosol. This fine mode consists of both sulfate and carbon 
aerosols that have different AE contributions (see Figure 3.1). 

The comparison with SKYNET observations are interesting as there are not many 
AERONET sites in South-East Asia and we wanted to use them all for assimilation. 
Unfortunately, in the period we considered (July 2005) only two SKYNET stations provided 
sufficient observations. For the Cape-Hedo site (Japan), a nearby erupting volcanoe 
(Anatahan) introduced large quantities of SO2 that our emission inventories did not include. 
Whether it is possible to represent both quiet and active phases of volcanoes in our emission 
ensemble remains a topic for further study. For the Toyama site (Japan), the nearby 
AERONET sites that supplied observations to the assimilation experienced a lot of data loss 
due to cloudiness. In addition, the Toyama SKYNET data itself seem not entirely free of 
cloud contamination. Nevertheless, the comparison for the second half July 2005 shows 
improvement in AOT due to assimilation. 

Finally, we compared assimilation results with MODIS Aqua data. This allows us to 
study the effect of assimilation on the spatial distribution of aerosol. For three separate days in 
July 2005, comparison was made among standard and assimilated AOT as well as MODIS 
AOT for either North-America or Europe and North-Africa. Results show the assimilation 
correctly adjusts AOT to either higher of lower levels. However, we also found several cases 
of pollution or dust storms that were present in the MODIS data but not in the standard 
simulation or the assimilation. This points to remaining issues with the original emission 
inventories, in particular the spatial distribution of sources. 

Concluding, we feel that the assimilation system was successfully validated against 
independent observations. On a global scale, assimilating AOT yielded better results than the 
standard simulation. The usefullness of assimilating AE is for the moment, however, limited 
to high AOT (> 0.4) and low AE cases. To improve this one could assume smaller 
AERONET AOT errors (our choice was quite conservative) and/or use three aerosol modes to 
analyze (e.g. sulfate, carbon and coarse). While validating our assimilation results, it became 
apparent that the standard emission scenarios limit the usefullness of assimilation since the 
emission ensemble is a random modification of the standard emission. Hence where there is 
no emission in the standard model, there will be no emission in the ensemble. 

In the current paper, only AERONET data were assimilated but this is no limitation of the 
system. At the moment, the assimilation system supports AOT data from the MODIS satellite 
sensor as well as AOT and AE from two local South-East Asian ground networks (CSHNET 
and SKYNET). Also attenuated backscatter from ground-based LIDARs employed by the 
Asian Dust network can be assimilated. 

Future developments of the assimilation system will include a 4D-LETKF version which 
will consider the evolution of the ensemble during an arbitrary time-window, and an 
extension of the definition of the ensemble (e.g. variation in deposition speeds). This work 
was done as preparation for the GOSAT-CAI imager onboard GOSAT. 
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Summary and conclusions 
 

We have been improving the aerosol transport model, Spectral Radiation-Transport 
Model for Aerosol Species (SPRINTARS), coupled with the Model for Interdisciplinary 
Research on Climate (MIROC) for over 10 years under the NIES-SX supercomputer project. 
In Chapter 1, the comparison between MIROC-SPRINTARS and other global models showed 
some differences in the relationship between sulfate burden and direct aerosol radiative 
forcing (DARF) due to sulfate, as well as in the sulfur budget. The differences motivate the 
improvement of the sulfur chemistry in MIROC-SPRINTARS. The model was improved by 
introducing an analytical method to solve the chemical reaction, updating dry deposition rates 
for SO2, prognostic H2O2, and diagnostic pH in clouds. Consequently, the improved results 
are closer to the observations by in-situ measurements and remote sensing from satellites. The 
difference in the simulated DARF due to sulfate between the original and improved methods 
was approximately 50% of the uncertainty among estimates by the world’s global aerosol 
models reported by the IPCC assessment. This suggests that the simplifications of the sulfur 
processes are still a part of the large uncertainty in the forcing simulated by these models. 
Therefore, our improvement was implemented into recent MIROC models for simulating 
aerosols in climate change. Under the NIES-SX supercomputer project, improvements of the 
module have been made for secondary organic aerosols (Goto et al., 2008) and black carbon 
(Goto et al., 2012). 

In Chapter 2, a new validation of MIROC-SPRINTARS was performed using a 
Cloud-Aerosol Lidar with Orthogonal Polarization (CALIOP) on space-borne Cloud-Aerosol 
Lidar and Infrared Pathfinder Satellites Observations (CALIPSO) and Moderate Resolution 
Imaging Spectroradiometer (MODIS) on Terra. Since most satellites like the MODIS sensor 
can estimate the column amount of aerosols only under clear-sky conditions, the model 
evaluation of the vertical distribution under cloudy-sky conditions was very limited. Also, the 
shortwave DARF was evaluated using a combination of a radiative transfer code, FSTAR5c 
(a flux version of the System of Transfer of Atmospheric Radiation) with CALIPSO and 
MODIS. DARF was evaluated under the following four scenarios; clear-sky, aerosols above 
the clouds, aerosols below high-level clouds, and aerosols not detected by CALIOP under 
cloudy-sky conditions. The cloudy-sky DARF was estimated by the latter three scenarios. Our 
main finding was that aerosols with a single scattering albedo (SSA) of 0.96 within optically 
thin clouds cause a top-of-atmosphere (TOA) negative forcing, while those within optically 
thick clouds cause a TOA positive forcing. This indicates that aerosols within optically thick 
clouds cause positive forcing in our radiative transfer calculation, regardless of SSA. Annual 
zonal averages of DARF from 60°S to 60°N under clear-sky, cloudy-sky, and all-sky 
conditions were 2.97, +0.07, and 0.61 Wm2 estimated from CALIOP data, and 2.78, 
+1.07, and 0.58 Wm2 estimated using MIROC-SPRINTARS. Until now, these techniques 
have been fully used in the evaluation of radiative calculation in MIROC and other satellites. 

In Chapter 3, a data assimilation for aerosols using the ensemble Kalman filter method 
was implemented into MIROC-SPRINTARS for providing more accurate results of aerosol 
distributions. The ensemble allows realistic, spatially and temporally variable model 
covariances. As the analyzed variables are mixing ratios (prognostic variables of the aerosol 
transport model), there is no need for the extra assumptions required by previous assimilation 
schemes analyzing aerosol optical thickness (AOT). The assimilation system, and in 
particular the construction of the ensemble, was explained in Chapter 3. The assimilated fields 
(AOT and Angström Exponent; AE) were validated through independent remote sensing such 
as Aerosol Robotic Network (AERONET), Skyradiometer Network (SKYNET) and MODIS 
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Aqua observations. The results showed that, in general, the assimilation of AOT observations 
lead to improved modelling of the global AOT, whereas the assimilation of AE only improves 
modelling when the AOT is high. The assimilation system was validated through various 
sensitivity experiments (Schutgens et al., 2010a, 2010b) and was extended to a Kalman 
smoother method to estimate emission inventories (Schutgens et al., 2012). A successful 
assimilation system can be applied for supporting retrievals from satellites such as the 
Greenhouse gases Observing SATellite (GOSAT). Originally, the MIROC-SPRINTARS was 
used as reference data for processing level 2 datasets of shortwave Infrared (SWIR) by the 
Fourier Transform Spectrometer (FTS). Very recently, the processing system has been tested 
by a new assimilation system coupled with MIROC-SPRINTARS to reprocess higher-level 
products from GOSAT. 

These three topics are major research papers published by our group. The improvement of 
the MIROC-SPRINTARS and implementation of the data assimilation into the model can 
contribute to various studies including climate change, air pollution, and retrieval from 
satellite. We believe that continuous model improvements provide more accurate aerosol 
distributions. Furthermore, a new aerosol-chemistry transport model coupled with a 
non-hydrostatic icosahedral atmospheric model (NICAM) has been developed (Suzuki et al., 
2008). In the new model named NICAM-Chem, the aerosol module is based on SPRINTARS 
and the assimilation system is also implemented into NICAM. The advantage of the use of 
NICAM-Chem is that it can seamlessly simulate air pollution with very high-resolution grid 
sizes, 10km order, on global to regional scales (Goto et al., 2016b). The NICAM-Chem in a 
regional-scale version will be used in the prediction of aerosols around Japan (Goto et al., 
2015; 2016a). Therefore, this monograph can be a basis of further improvements of 
NICAM-Chem. 
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