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ABSTRACT
In order to evaluate the radiative effect of the atmospheric aerosol at Kyoto, Japan, surface solar irradiance
and columnar aerosol optical properties were observed in the period between September 1998 and December
2001. The aerosol optical thickness, which is an indicator of the columnar mass burden and the overall radiative
effect of the aerosol, was on average 0.27 at a wavelength of 500 nm. Springtime aerosol optical thickness was
generally higher primarily because of ‘‘yellow dust’’ from the Asian continent. The Ångström exponent had
values ranging from 0.5 to 2.8, with an average value of 1.64, and was found to be low in periods during which
the aerosol optical thickness was high. As a first step toward calculating the local climate impact of the atmospheric aerosol at Kyoto, the clear-sky direct radiative forcing is considered in this paper. For an evaluation
of the surface aerosol radiative forcing, observed total surface fluxes measured by a pyranometer are subtracted
from modeled surface fluxes derived from a non-aerosol-laden atmosphere. From the obtained relationship
between the aerosol optical thickness and the surface aerosol radiative forcing, it is concluded that there is a
high variability in the physical and chemical characteristics of the aerosol at this location. The surface radiative
forcing efficiency, which is the radiative forcing for unit optical thickness, was 285.4 W m 22 on average at
Kyoto. This observed value is very similar to recently observed surface aerosol radiative forcings during the
Indian Ocean Experiment (INDOEX) and the Asia Pacific Regional Aerosol Characterization Experiment (ACEAsia) field campaigns. The aerosol radiative forcing at the top of the atmosphere (TOA) was calculated from
measured in situ aerosol optical properties and retrieved properties from a comparison of measured and simulated
ground solar irradiances. While employing average aerosol optical properties at Kyoto, comprehensive cooling
at the TOA was found. It was also found that the difference between the surface and the TOA aerosol radiative
forcings produced a large amount of atmospheric heating because of the relatively low single-scattering albedo.
Surface forcing was about 3 times as high as the TOA forcing at Kyoto. The main conclusion of this study is
that the aerosol over Kyoto significantly alters the atmospheric energy budget. The aerosol is highly variable
in terms of its optical properties, so that a highly nonlinear relationship exists between the surface radiative
forcing and the aerosol optical thickness.

1. Introduction
It has been widely recognized that natural and anthropogenic aerosols play an important role in the earth’s
climate system (Chylek and Coakley 1974). Aerosol
radiative forcing, which can be divided into a direct part
that is caused by scattering and absorption of solar and
longwave radiation by particles, and an indirect part that
originates from the interaction of aerosols with clouds,
is comparable, but opposite in sign, to the radiative forcing of the greenhouse gases (Houghton et al. 2001). An
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evaluation of the aerosol radiative forcing on a global
scale is, however, highly uncertain because of uncertainties in the optical properties and the spatial distribution of the aerosol (Charlson et al. 1992; Schwartz
1996; Hansen et al. 1997). Recently, large field campaigns such as the Tropospheric Aerosol Radiative Forcing Observational Experiment (TARFOX) (Russell et
al. 1999), the Indian Ocean Experiment (INDOEX) (Ramanathan et al. 2001), and the Asia Pacific Regional
Aerosol Characterization Experiment (ACE-Asia) (Huebert et al. 2003, manuscript submitted to J. Geophys.
Res.) attempted the first integrated field studies with the
aim of measuring both the physical and chemical properties and the resulting radiative forcing of the atmospheric aerosol. Still, more case studies of aerosol optical properties and associated radiative effects are necessary to constrain the impact of anthropogenic aerosols
on the climate system, both on local and global scales.
So far, most studies of the aerosol radiative effect
have concentrated on sulfate aerosols (Charlson et al.
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1992), because they make a large contribution to the
anthropogenic aerosol and efficiently scatter solar radiation. Only recently has attention been paid to other
types of particles, such as carbonaceous aerosols (Haywood and Shine 1995; Russell et al. 1999; Sateesh et
al. 1999; Takemura et al. 2002). In particular, absorbing
materials such as black carbon play an important role
in radiative forcing estimates, because the single-scattering albedo is highly sensitive to trace absorbing species in the atmosphere (Horvath 1993; Pilinis et al.
1995). Carbonaceous aerosols have also been reported
to be a major component of the atmospheric aerosols
in Japan (Ohta and Okita 1984; Höller et al. 2002).
Moreover, the radiative influence of carbonaceous aerosols is very complex, because they can produce a cooling at the surface, warming in the atmosphere, and both
cooling or heating at the top of the atmosphere (TOA),
depending on the single-scattering albedo of the particles. In an earlier work we performed continuous measurements of particulate matter with a mass median
aerodynamic diameter of less than 10 mm (PM-10) and
carbonaceous aerosols at Kyoto, Japan. Höller et al.
(2002) found that carbonaceous aerosols account for
37% of the total aerosol mass concentration and that the
ratio of elemental carbon to total carbon aerosol is about
0.6. This means that a high fraction of the aerosol at
this location is absorbing and can, therefore, have a
significant influence on the radiative balance of the surface–atmosphere system.
Simultaneous measurements of solar radiation and
aerosol optical properties have already been performed
in order to estimate the radiative effect of the atmospheric aerosol (Conant et al. 1997; Russell et al. 1999;
Hignett et al. 1999; Satheesh et al. 1999; Podgorny et
al. 2000). In all of these cases, the anthropogenic aerosols were cooling the atmosphere at the surface and the
TOA, while heating the atmosphere to a considerable
extent through absorption of solar radiation. Only purely
scattering aerosols lead to cooling at the TOA without
heating the atmosphere.
Here we emphasize the necessity to understand aerosol optical properties and aerosol-related radiative effects in Japan. This is because in such a highly industrialized country with a complex variety of anthropogenic and natural aerosol sources, the aerosol optical
properties are expected to have a large variability. Moreover, the meteorological patterns in Japan are seasonally
influenced by long-range transport of dust particles and
pollution from the Asian continent, which usually takes
place in the lower free troposphere (Iwasaka et al. 1983;
Hirose et al. 1983). Given the predicted increase in emissions in China, it clearly becomes important to study
the aerosol optical properties and associated radiative
impacts on a long-term basis at several locations in the
Asian–Pacific region. With this in mind, the objectives
of this study are as follows: 1) describing continuous
measurements of surface irradiance and columnar aerosol optical properties (information on the chemical com-
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position and in situ optical properties of the aerosols is
taken from long-term measurements or intensive campaigns at the same location) (Höller 2000; Höller et al.
2000); 2) comparison of the radiative transfer calculations with surface irradiance measurements; 3) estimation of the aerosol radiative forcing at the surface,
the top of the atmosphere, and in the atmosphere; 4)
discussion of the columnar aerosol optical properties
and the range of surface radiative forcing on the basis
of the derived relationship between the aerosol optical
thickness and the surface radiative forcing, together with
comparison with radiative transfer calculations using
model aerosols, and 5) comparison of the results of this
study with observations of aerosol radiative forcing at
other locations.
2. Instrumentation and measurements
Measurements of surface solar irradiance and columnar aerosol optical properties were performed at the Uji
campus (348549N, 1358489E) of Kyoto University,
which is located in a suburban/residential area in the
southeast of Kyoto, Japan. A highway passes to within
about 1 km south of the campus, but no major aerosol
sources are located nearby. The period of data analyzed
for this work is from September 1998 to December
2001. A multiwavelength sun photometer (EKO MS110A) mounted on a sun tracker was used to retrieve
the aerosol optical thickness by measuring the attenuation of direct solar radiation at wavelengths l 5 368,
500, 675, and 778 nm. Aerosol optical thickness t al is
calculated from

t al 5

1 I0l
ln 2 t 0l 2 t Rl ,
m Il

(1)

where I 0l is the direct solar irradiance at the top of the
atmosphere, I l is the measured direct solar irradiance,
t 0l is the ozone optical thickness, t Rl is the optical thickness of the air molecules, and m is the solar optical air
mass. To obtain I 0l , the instrument must be calibrated.
This operation was carried out by a comparison of the
instrument with a standard sun photometer owned by
the Japanese Meteorological Research Institute, located
in Tsukuba. The instrument was calibrated once per year
and was regularly cleaned. The solar optical air mass
m at the solar zenith angle u is calculated from (Kondratyev 1969)
m5

1
.
sinu 1 0.15(u 1 3.885)21.253

(2)

The Rayleigh optical thickness of the air molecules was
obtained from Young (1981). For a calculation of t 0 , a
columnar ozone amount of 0.3 cm as an average value
for this site is assumed, which is supported by measurements by the Japan Meteorological Agency at Tsukuba, using Dobson spectrometers (Japan Meteorological Agency 2002). Because the ozone concentration has
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only weak influence on the aerosol optical thickness
retrieval, the daily and seasonal variation of the ozone
amount was not taken into account. Absorption of other
gases than ozone was neglected in the analysis, because
the effect on the analysis of aerosol optical thickness is
small.
For measurements of the direct and total downward
solar flux F (W m 22 ), a pyrheliometer (EKO MS-53)
and a pyranometer (EKO MS-801) were used, respectively. The pyrheliometer measures the downwelling direct solar flux between 0.3 and 2.8 mm, and the pyranometer measures the downwelling total flux between
0.305 and 2.8 mm. The diffuse solar irradiance is obtained by subtracting the direct irradiance from the total
irradiance. Although the wavelength range of the two
instruments is slightly different, it was not taken into
account here because of its negligible influence on the
flux measurement. Measurements of global fluxes might
be overestimated, especially for high solar zenith angles,
because of the directional response of the pyranometer
(Satheesh et al. 1999). The pyranometer has an accuracy
of 5%, but the error can reach 610 W m 22 because of
the directional response of the instrument. The sensing
element consists of a wire-wound thermopile, covered
with black paint that has a spectrally flat absorption
response. The manufacturer guarantees that temperature
and nonlinearity account for less than 1% of the total
error up to 508C. There might be additional systematic
errors due to radiative transfer between the domes and
the detector of the pyranometer, but these effects were
not taken into account here (Bush et al. 2000). The
effects of flux measurement errors on the derived aerosol
radiative forcing estimates are discussed in section 5.
Automatic observation of direct solar fluxes with a
sun-tracking system faces the problem that clouds move
through the line of sight and produce false optical thickness data. Therefore, automated observation requires a
cloud-screening procedure. Because we continuously
observe both direct and global irradiances, we are able
to identify periods of hemispherically clear (i.e., cloudless) skies from the known characteristics of a typical
clear-sky irradiance time series. The Ångström exponent
is used as an additional check to avoid measuring the
optical thickness of a thin cloud layer. In such a case,
the optical thickness does not differ significantly from
an aerosol layer, but the Ångström exponent has much
lower values, which reveal larger cloud droplets.
3. Radiative transfer calculations
Direct aerosol radiative forcing at the surface is defined as the difference between the observed net flux
and the calculated ‘‘no-aerosol’’ net flux. Necessary
fluxes for a non-aerosol-laden atmosphere were calculated using the moderate-resolution atmospheric radiance and transmittance model and code (MODTRAN4),
which employs a correlated-k algorithm and the discrete
ordinate radiative transfer (DISORT) multiple-scatter-
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ing model for improved multiple-scattering calculations
(Berk et al. 1999). Fluxes were calculated with a spectral
grid of 1 cm 21 . The model includes molecular Rayleigh
scattering, gaseous absorption, aerosol, and cloud effects. Because we focus on the direct aerosol radiative
forcing under clear skies, clouds are not considered in
this study. The U.S. Standard Atmosphere, 1976 was
used for the vertical profiles of pressure and gases other
than carbon dioxide (CO 2 ), water vapor, and ozone. The
CO 2 mixing ratio was set at 380 ppmv, employing data
from the Japan Meteorological Agency. Simulated clearsky fluxes are sensitive to solar zenith angle, surface
albedo, and atmospheric profiles of humidity, aerosols,
and ozone. A columnar ozone concentration of 0.3 cm
was used, which is an annual average value observed
at Tsukuba, the nearest observation site of the Japan
Meteorological Agency to Kyoto. The ozone concentration there has a seasonal cycle ranging between 0.25
and 0.35 cm (Japan Meteorological Agency 2002).
However, the influence of the ozone concentration on
the total surface flux was found to be small. A sensitivity
analysis showed that a 20% change in the ozone concentration results in a less than 0.5% change in the simulated surface irradiance.
For the surface albedo, we employed a value of 0.15
for calculations of the upward flux. With the exception
of a few days per year, Kyoto has no snow cover, so
the surface albedo could be treated as a constant. However, we also performed albedo measurements of several
surfaces, using an albedometer (EKO MR-22) with a
spectral range of 300–2800 nm, and found surface albedo values ranging between 0.13 and 0.17, depending
on the surface type and the zenith angle. We therefore
regard 0.15 6 0.2 as appropriate for Kyoto with respect
to the latitude and vegetation cover. This value is also
consistent with reported surface albedo values of cities
with similar latitudes in the United States (Iqbal 1983).
A discussion of the influence of the error of the surface
albedo on the obtained radiative forcing is given in section 5.
The total precipitable water vapor, which is necessary
to calculate clear-sky fluxes, was obtained from Global
Positioning System (GPS) measurements, using data
from the Geographical Survey Institute in Japan. Because GPS data were not available for the whole period
of observation of solar irradiance, the number of available days for an evaluation of the clear-sky radiative
forcing was limited. The error of the retrieved water
vapor from the GPS data is within 62 mm (Tregoning
et al. 1998), and we use this value in an error analysis
of the calculated clear-sky fluxes in section 5.
MODTRAN4 is not only used to calculate solar irradiance for a non-aerosol-laden atmosphere, but also
to compare measured with simulated solar irradiance at
the surface. In that case the problem is more complicated, because values for the aerosol optical and physical parameters are needed as input parameters. In
MODTRAN4, several kinds of boundary layer aerosol
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nical problem with the sun-tracking system. Between
19 March and 6 April 2001 the instrumentation was
used at a coastal site on the Sea of Japan during the
ACE-Asia intensive field campaign; therefore, no data
are available at the Kyoto site during this period. Ångström exponents a are calculated from optical thickness
values t a at wavelengths 368 and 675 nm by

a52

FIG. 1. Time series of (a) daytime-averaged aerosol optical thickness at 500 nm and (b) Ångström exponents in the period between
Sep 1998 and Dec 2001 at Kyoto, Japan.

models with defined optical properties can be chosen.
The urban and rural aerosol models were used as a reference to compare the calculated aerosol radiative forcing with the observation. The default urban model has
a single-scattering albedo v 0 of 0.64 and an asymmetry
parameter g of 0.66 at 500 nm, while the default rural
model v 0 is 0.94 and g is 0.65 at the same wavelength.
The optical parameters of the default models can be
changed for all wavelengths using a scaling factor at
500 nm or by employing detailed wavelength-dependent
aerosol optical properties. In section 4 the columnar
aerosol single-scattering albedo is retrieved from a comparison of measured and simulated values of solar irradiance at the ground. Especially the diffuse irradiance
is very sensitive to aerosol absorption, which makes a
retrieval of the single-scattering albedo possible. This
value is then used to estimate the TOA radiative forcing.
4. Results
a. Solar irradiance and aerosol optical properties
Time series of daytime averages of the aerosol optical
thickness t a,500 at 500 nm and the Ångström exponent
a observed at Kyoto in the period between September
1998 and December 2001 are shown in Fig. 1. Between
23 March and 7 August 2000 and between 27 April and
16 August 2001 no data are available, because of calibration and maintenance of the instruments and a tech-

log(t a,368 /t a,675 )
.
log(368/675)

(3)

Higher Ångström exponents indicate smaller aerosol
particles, and vice versa. We analyzed a total of 155
daytime averages and found average t a,500 values to have
a high fluctuation between 0.06 (September 2001) and
0.83 (May 1999), whereas monthly average values were
between 0.20 (January 1999) and 0.64 (July 1999). The
average of t a,500 during the whole measurement period
is 0.27, which is quite typical for a suburban site and
is comparable to suburban sites of the aerosol robotic
network (AERONET) (Holben et al. 2001).
Ångström exponent values generally range from
greater than 2.0 for particles near combustion sources
to values smaller than zero for coarse-mode-dominated
desert dust aerosols. At Kyoto we found daily average
a values ranging from 0.52 (April 2001) to 2.79 (September 1998), with an annual mean value of 1.64. Both
the springtime of 2000 and of 2001 showed high optical
thickness values, and at the same time lower values of
the Ångström exponent. This indicates higher concentrations of coarse aerosols during spring, which is consistent with the common observation of Asian dust
(‘‘Kosa’’) during springtime in Japan. Atmospheric turbidity is generally low during the winter months and
high in the summer. This follows a classical annual pattern, which was also observed by Flowers et al. (1969)
and Holben et al. (2001). Increases of optical thickness
can be explained by an increased concentration of aerosol sources processed by convection by humid air masses.
A scatterplot of t a,500 versus a is shown in Fig. 2.
This plot can be used to characterize the amount and
size range of the aerosol and is often used as a ‘‘fingerprint’’ of the aerosol at a given location (Nakajima
et al. 1996; Holben et al. 2000). Comparing our observations of optical thickness and Ångström exponents
with data from AERONET sites (Holben et al. 2001),
we find that Kyoto has the typical characteristics of an
urban site with a broad range of a values due to a large
variety of aerosol sources. The air above Kyoto is influenced by air masses from the heavy industrialized
Osaka Bay area, Pacific air masses during the summertime, and the continental Asian outflow during
spring. This results in a large variety of aerosols, which
can also have a broad range of optical properties and
chemical compositions. It is interesting to note that there
are no data points with very small Ångström exponents
and, at the same time, small optical thickness values.
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FIG. 3. Time series of measured total surface solar irradiance (W
m 22 ) and simulated no-aerosol total irradiance (19 Oct 2001).

FIG. 2. Scatterplot of the aerosol optical thickness (500 nm) vs
Ångström exponents at Kyoto.

This might be due to the fact that the periods influenced
by Asian dust are at the same time influenced by fine
particles in the accumulation mode, which could be local
pollution or transport of accumulation mode particles
from the Asian continent.
Figure 3 shows the measured and simulated total surface solar irradiance for 21 October 2001, which represents typical clear days in Kyoto. The straight line
indicates the modeled no-aerosol irradiance calculated
by MODTRAN4, using measured precipitable water
from GPS. Circles indicate the measured total irradiance
noted by the pyranometer, and the dotted line is the
clear-sky fit to the measured irradiance. The effect of
clouds can be seen in the latter half of the dataset.
Clouds can both reduce and enhance the measured irradiance as compared with a clear-sky aerosol-laden atmosphere, because they can block the observed direct
flux when directly in the line of sight, but may also
increase the irradiance because of scattering from cloud
edges (Hayasaka et al. 1995). Cloud layers cover the
sky over Kyoto during extended periods throughout the
year, which limits observational estimation of the clearsky radiative forcing to days with only partly cloudy
skies. The number of days used for the analysis here
was further reduced by the limited availability of GPS
data. Therefore, for the estimation of a radiative forcing,
only 21 days of the whole dataset were used. These data
are not being influenced by thin, uniform cloud layers.
A polynomial could therefore be fitted to measured irradiance time series data to obtain the clear-sky irradiance.
b. Calculation of aerosol radiative forcing
Radiative forcing at the TOA is an important indicator
when considering the comprehensive energy budget of
the atmosphere–surface system. It indicates whether

more or less energy is emitted from the globe. Nevertheless, the surface radiative forcing is also an important
indicator, because a change in the surface solar flux can
change the surface temperature and the evaporation of
water vapor, and can therefore have significant influence
on the climate system. Here we obtain a surface aerosol
radiative forcing from directly observed surface fluxes
and calculated no-aerosol irradiances. TOA forcing is
estimated from a simulation of TOA fluxes using aerosol
optical properties obtained from validated ground fluxes
at the surface and in situ measurements.
Surface aerosol radiative forcing DF s is defined as
DF s 5 F as 2 F os ,

(4)

where F and F are the net fluxes at the surface for
aerosol-laden and aerosol-free cases, respectively. TOA
radiative forcing DFTOA is calculated by
a
s

o
s

a
o
DFTOA 5 2(F TOA
↑ 2 F TOA
↑),

(5)

o
where F aTOA↑ and F TOA
↑ are the upward fluxes at the
TOA for the aerosol-laden and aerosol-free cases, respectively (Liao and Seinfeld 1998). Although radiative
forcing is defined as the difference of the net fluxes, in
Eq. (5) only the upward fluxes are written. The downward flux terms cancel out, because they are the same
at the TOA for the aerosol-laden and aerosol-free cases.
TOA fluxes were not directly measured but were rather obtained from radiative transfer calculations. Necessary aerosol parameters for the calculation of aerosolladen TOA fluxes were obtained from in situ measurements in the case of the asymmetry parameter and the
aerosol optical depth. For the size distribution of particles, the urban model’s parameterization of MODTRAN4 was employed. Measurements of aerosol size
distributions at Kyoto using cascade impactors (Kasahara et al. 1999) showed that the structure of the size
distribution of the atmospheric aerosol at Kyoto does
not change very much with time and that the urban
model size distribution represents the aerosol at our site
very well. Still, the use of a fixed aerosol size distri-
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bution might induce an error in the simulated fluxes.
We regard this error as small because the 8 days we
used for the comparison had very stable values in the
optical depth and Ångström parameter.
Measured and calculated surface irradiances were
compared for 8 cloud-free days. These days also showed
very stable atmospheric conditions and low variations
of the aerosol optical depth and Ångström exponent
values. As an input parameter for the flux simulations,
aerosol optical thickness measured by the sunphotometer was used. Aerosol backscattering ratios measured
by an integrating nephelometer equipped with a backscatter shutter (TSI, Inc., model 3563) were used to
obtain the asymmetry parameter g. Measurements
showed that the backscatter ratio b in Kyoto has a range
between 0.12 and 0.14 (Höller 2000). The backscattering ratio is the fraction of the scattered intensity that is
redirected into the backward hemisphere of the scattering particle. There is generally no one-to-one relationship between the asymmetry parameter g and b, because
the relationship depends on the size distribution and
refractive index of the particles (Marshall et al. 1995).
For the radiative transfer calculations an asymmetry parameter of 0.65 was employed, which was obtained from
Mie simulations for an aerosol with an urban model size
distribution; b 5 0.13 was obtained as an average value
from nephelometer measurements during the 8 days of
observation. In situ measurements at Kyoto showed that
the single-scattering albedo v 0 , which has a significant
influence on the diffuse sky irradiance, shows a strong
variability there. Value of v 0 varied between 0.6 and
0.98, with an average value of 0.85 for 30 days of measurement (Höller et al. 2000). This is also confirmed by
the strong variation of the elemental carbon (EC) concentration at this site (Höller et al. 2002).
Here, the aerosol single-scattering albedo is retrieved
from a comparison of the calculated and observed solar
irradiance. Figure 4 shows a comparison of measured
and calculated direct, diffuse, and total surface irradiances. For the simulations a constant value of the singlescattering albedo of 0.85 was assumed, for which both
the direct and diffuse fluxes showed best agreement with
the observed values. Each data point in Fig. 4 represents
an average over a 10-min time interval. Calculated and
measured direct fluxes are in very good agreement, with
a slope of 1.03 and a correlation coefficient R 2 of 0.98.
The diffuse flux is calculated from the difference between the measured total and direct fluxes and is therefore influenced by the directional response of the pyranometer at high zenith angles. The lower correlation
coefficient of the calculated and measured diffuse fluxes
might be due to the fact that we assumed constant values
of g and v 0 and did not account for changing aerosol
size distributions during the validation period.

VOLUME 42

FIG. 4. Comparison of measured and calculated (a) direct, (b) diffuse, and (c) total solar irradiance (W m 22 ) for 8 days of observation
at Kyoto. Data points represent an average value over a 10-min time
interval.

5. Discussion
a. Surface aerosol radiative forcing
Surface aerosol radiative forcing was calculated for
21 clear-sky days at Kyoto. An example of the temporal
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FIG. 5. Scatterplot of the aerosol optical thickness (500 nm) vs
instantaneous surface radiative forcing (W m 22 ). Data points represent an average value over a 10-min time interval.

change of observed and calculated total irradiance is
shown in Fig. 3. It can be clearly seen that the atmospheric aerosols act to decrease the downwelling total
irradiance. A scatterplot of the aerosol optical thickness
t a,500 versus the instantaneous surface radiative forcing
is shown in Fig. 5. The low correlation results from the
fact that the surface aerosol radiative forcing is not only
sensitive to the aerosol optical properties, but also to
the solar zenith angle. In Fig. 6 we investigated the
sensitivity of the surface radiative forcing to the solar
zenith angle for a constant aerosol optical thickness t a,500
of 0.27, which is the annual average value at Kyoto.
The analysis is carried out for both the default urban
and the rural aerosol models, and a strong dependence,
especially for high zenith angles, can be seen. It is therefore clear that the correlation between the aerosol optical
thickness and the surface forcing is not very high for
instantaneous values, as shown in Fig. 5, because of the
dominant dependence of DF s on the solar zenith angle.
Figure 6 also implies that it is difficult to ‘‘normalize’’
the instantaneous surface radiative forcing, because the
zenith angle dependence of the surface radiative forcing
also depends on the applied aerosol model. The slope
in Fig. 5 is called the radiative forcing efficiency f e ,
which is the radiative forcing for unit optical thickness.
The instantaneous radiative forcing efficiency at the surface f e (s) at Kyoto is 2184.7 W m 22 , which lies between the forcing efficiencies of the rural (2121.4 W
m 22 ) and urban (2224.9 W m 22 ) aerosol models of
MODTRAN4. The zenith angle was set at 558 for the
calculation, which is an annual average value for Kyoto.
From Fig. 5 it can also be seen that the instantaneous
aerosol forcing at Kyoto reaches values as high as 2150
W m 22 .
At one location it is more representative to consider

FIG. 6. Relationship between the solar zenith angle and the calculated instantaneous radiative forcing for t a,500 5 0.27, which is the
average value at Kyoto.

the diurnally averaged radiative forcing DF of the aerosol, which is calculated from
DF 5

E

DFs (t) dt.

(6)

The integration is performed over a 24-h time period,
which correctly accounts for the daylight fraction at a
specific location. To account for very high zenith angles,
a polynomial fitted to the measured irradiance time series is extrapolated. The daytime-averaged aerosol optical properties and surface radiative forcings are shown
in Table 1; a scatterplot of the daytime-averaged aerosol
optical thickness versus surface radiative forcing is
shown in Fig. 7. Also shown in Fig. 7 are the diurnal
TABLE 1. Daytime-averaged aerosol optical thickness t a,500 , Ångström exponents a, and diurnally averaged surface radiative forcing
DFs.
Date
5
9
16
15
29
22
31
19
5
20
23
26
12
20
15
19
30
31
21
12
16

Jan 1999
Feb 1999
Feb 1999
May 1999
Aug 1999
Nov 1999
Dec 1999
Jan 2000
Feb 2000
Sep 2000
Apr 2001
Apr 2001
Sep 2001
Sep 2001
Oct 2001
Oct 2001
Oct 2001
Oct 2001
Nov 2001
Dec 2001
Dec 2001

t a,500

a

DF s (W m22 )

0.20
0.36
0.49
0.36
0.11
0.43
0.27
0.23
0.35
0.28
0.29
0.34
0.06
0.23
0.26
0.13
0.24
0.24
0.13
0.13
0.13

1.76
1.73
1.60
1.27
2.72
1.59
1.35
1.51
1.41
2.21
0.72
0.93
1.85
1.48
1.43
1.69
1.39
1.55
1.64
1.62
1.35

212.8
221.7
233.7
226.7
217.1
225.5
217.6
215.1
218.3
233.4
244.3
240.0
210.9
232.2
227.5
218.9
221.6
221.8
213.5
210.1
212.3
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FIG. 7. Scatterplot of the diurnally averaged aerosol optical thickness (500 nm) and surface aerosol radiative forcing. Measured forcings are compared with modeled forcing efficiencies for a rural and
an urban aerosol model with given optical properties.

average radiative forcings for the urban and rural aerosol
models. The models with asymmetry parameters g of
0.65 and 0.66 are the default models of MODTRAN4,
but we also show model results using a lower value of
0.50 for g. It can be seen that the forcing efficiency is
highly sensitive to both v 0 and g. About one-half of the
data lie between the theoretical calculations of the default urban (g 5 0.66) and rural (g 5 0.65) aerosol
models. However, even for an urban aerosol model with
a very low asymmetry parameter of g 5 0.50, there are
a few days of measurements with exceptionally high
forcing efficiencies lying below this theoretical prediction. We expect that this might be due to a very low
single-scattering albedo, which frequently occurs at
Kyoto (Höller et al. 2000). No dependency of the surface
radiative forcing was found with regard to season or
aerosol type for the data in Fig. 7. The complex mixture
and large variety of sources of the atmospheric aerosol
at this urban location makes a classification of the aerosol with regard to source, season, and so on extremely
difficult. Even total aerosol mass concentrations did not
show any correlation to wind speed or wind direction
at this site. Therefore, to find a correlation between aerosol radiative effects and aerosol sources is even more
unlikely.
A linear fit to the measurements gives a daily average
broadband aerosol radiative forcing efficiency of 285.4
W m 22 (Fig. 7). This value is comparable to that found
by Podgorny et al. (2000) in the Indian Ocean during
INDOEX (282 W m 22 ); those observed during ACEAsia by Bush and Valero (2001) at Cheju Island, Korea
(282.6 W m 22 ); and those noted Höller et al. (2001)
at a background site on the coast of the Sea of Japan
(280.3 W m 22 ). It is interesting to note that our data
do not lie as clearly on a straight line as the observations
of Podgorny et al. (2000). This might be due to the fact
that the aerosol at the urban site of Kyoto is much more
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heterogeneous, with a large variation in its optical and
chemical properties. The aerosol measured by Podgorny
et al. (2000), described in greater detail with regard to
its composition in Satheesh et al. (1999), has a much
more stable size distribution and composition, and,
therefore, the values of g and v 0 do not change as much
as they do in Kyoto.
For an error analysis of the aerosol optical thickness,
we consider errors of the calibration constants of the
sun photometer, the measured voltage, and the Rayleigh
optical thickness, employing a standard error propagation theory. Because the error of the optical thickness
also depends on the solar zenith angle, daytime average
error bars are shown in Fig. 7. To estimate the error of
the surface aerosol radiative forcing, we considered errors of the columnar water vapor amount from GPS
measurements, uncertainties in the atmospheric temperature profiles, and measurement errors of the pyranometer. Nonlinearity in the response of the pyranometer was not considered in the error analysis, because
an extrapolated fitting function was used for high zenith
angles, for which measurement errors are larger. The
error bars in Fig. 7 are calculated for a solar zenith angle
of 558, and the resulting error of the observed surface
radiative forcing is 10%.
b. TOA aerosol radiative forcing and atmospheric
heating
TOA aerosol radiative forcing can be observed from
the measured upwelling flux at the TOA by satellites
(Satheesh and Ramanathan 2000). Here we do not directly measure DFTOA , but estimate it from radiative
transfer calculations using average aerosol properties
observed at Kyoto. As mentioned above, aerosol optical
properties at Kyoto vary from day to day, which makes
it difficult to accurately estimate DFTOA . To estimate the
average TOA aerosol radiative forcing at Kyoto we employ a single-scattering albedo value of 0.85, which we
found to reproduce the diffuse flux at the surface for
several days of measurements (see Fig. 4). Moreover, a
value of 0.85 of the single-scattering albedo was also
found to be an average value over about 30 days of in
situ measurements at Kyoto (Höller et al. 2000). For the
asymmetry parameter g we employ a value of 0.65 (see
section 4b). Using these optical properties and the urban
aerosol model size distribution of MODTRAN4, we find
a TOA radiative forcing efficiency of 226.9 W m 22 ,
which is about one-third of the observed surface forcing.
The use of constant values of the aerosol optical properties does not accurately evaluate the TOA for a specific day but considers average conditions at Kyoto.
Figure 8 shows the relationship between the daytimeaveraged aerosol optical thickness and the diurnally averaged TOA radiative forcing, calculated for a surface
albedo of 0.15. By way of comparison, we also consider
a rural and urban aerosol model with v 0 5 0.94, g 5
0.50 and v 0 5 0.64, g 5 0.70, respectively. These two
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FIG. 8. TOA radiative forcing vs optical thickness (500 nm) calculated for average aerosol optical properties at Kyoto ( v 0 5 0.85;
g 5 0.64). Also shown are the TOA radiative forcings for a rural
(v 0 5 0.94; g 5 0.50) and an urban aerosol model (v 0 5 0.64; g 5
0.70).

models represent the two extreme cases of Fig. 7, within
which most of the surface measurements lie. It is found
that even for the urban model with an asymmetry factor
g 5 0.50, the aerosol produced comprehensive cooling
at the TOA for optical thickness values up to 0.54. Considering the observed values of aerosol optical thickness
at Kyoto (Fig. 2), it can be seen that t a is mostly below
this value, resulting in a comprehensive cooling effect
at the TOA.
Figure 9 shows a comparison of the radiative forcings
at the surface, the TOA, and in the atmosphere. The
atmospheric radiative forcing was obtained from the difference between the surface and the TOA forcing. For
Kyoto, the surface forcing exceeds the TOA forcing by
a factor of about 3, the rural aerosol model by a factor
of about 2, and the urban model by a factor of more
than 10. This shows the sensitivity of the atmospheric
energy budget to the aerosol single-scattering albedo.
Whereas for conservatively scattering (i.e., nonabsorbing) particles the TOA forcing and the surface forcing
are the same, absorbing aerosols produce a cooling at
the surface and a heating of the atmosphere. In comparison with the rural and urban aerosol models, the
aerosol at Kyoto lies somewhere between these limiting
cases with regard to the surface and atmospheric radiative forcings.
6. Conclusions
Continuous measurements of surface solar irradiance
and columnar aerosol optical properties were made during the period from September 1998 to December 2001.
We observed high variability in aerosol optical thickness
ranging from 0.06 to 0.83. Ångström exponents, which
had values from 0.52 to 2.79, indicate a high variability
of the aerosol size distribution at this site. Observations
of surface solar irradiances were carried out to validate
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FIG. 9. Surface, TOA, and atmospheric aerosol radiative forcing
for t a,500 5 0.27, which is the observed average aerosol optical thickness at Kyoto. Also shown are the radiative forcings for the rural and
urban aerosol models.

radiative transfer calculations, which were then used to
estimate the TOA radiative forcing of the aerosol. We
found the best agreement between calculated and measured surface diffuse fluxes to be for a single-scattering
albedo value of 0.85. The surface aerosol radiative forcing was obtained from observed broadband total surface
irradiances and calculated no-aerosol fluxes. A surface
radiative forcing efficiency of 285.4 W m 22 was found
as an average value for 21 near-clear-sky days. This
value is similar to an earlier measured radiative forcing
efficiency of 280.3 W m 22 at a background site on the
coast of the Sea of Japan. Measurements in the Indian
Ocean and Korea gave similar values, which indicate
that a value of 285 6 5 W m 22 might represent a
general broadband aerosol forcing efficiency that does
not depend strongly on the chemical composition of the
aerosol.
We have discussed the impact of the aerosol on redistribution of the solar fluxes among the surface, TOA,
and atmosphere. For that purpose, the aerosol singlescattering albedo was retrieved from a comparison of
measured and simulated solar irradiance at the surface.
We found that the surface aerosol radiative forcing exceeds the TOA forcing by a factor of about 3, which is
due to the low single-scattering albedo, and that absorbing aerosols produce a large amount of atmospheric
heating. An error analysis showed that the surface radiative forcings obtained here have an error of about
10%. To further reduce this error, it will be necessary
to have continuous information of changes in the aerosol
size distribution and measured vertical profiles of aerosol optical properties. Further studies will be necessary
to reduce these uncertainties and also to estimate the
overall aerosol radiative impact, which should include
the indirect effect through changing cloud properties.
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