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[1] Surface radiation measurements were made at Gosan, Jeju, Republic of Korea, during

the ACE-Asia field campaign aimed at assessing the impact of aerosols, specifically the
‘‘Asian yellow dust,’’ throughout the region. Downwelling total, direct, and diffuse
radiative fluxes were measured in the total solar spectrum as well as near-infrared and
visible portions of the spectrum. Aerosol optical depth measurements at 500 nm were also
made using a scanning shadow band radiometer. Surface radiative forcing values were
determined during clear-sky conditions made from 25 March to 4 May 2001. The diurnal
forcing efficiency, determined by taking the slope of the best fit line through the flux
versus optical depth plot, was found to be 73.0 ± 9.6, 35.8 ± 5.5, and  42.2 ±
4.8 W m2/t500 for the total solar, near-infrared, and visible spectral regions. We also
introduce a new radiative forcing parameter, the fractional forcing efficiency, defined to
express the radiative forcing relative to the total energy incident at the top of the
atmosphere. The fractional diurnal forcing efficiency at Gosan during ACE-Asia was
18.0 ± 2.3, 16.2 ± 2.4, and 26.7 ± 3.3%/t500 for the same band passes, indicating
that a larger percentage of the flux at visible wavelengths is radiatively forced compared
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1. Introduction
[2] The Asian-Pacific Regional Aerosol Characterization
Experiment (ACE-Asia) was a multi-platform project based
throughout Asia that was designed to increase the understanding of how aerosol particles affect the Earth’s climate system.
The combination of satellite, airborne, and surface (land and
ship) measurements was designed to monitor the variability in
magnitude and composition as well as the geographic distribution of natural and anthropogenic aerosols over the entire
atmospheric column. The measurements from the various
platforms allowed air masses to be tracked from the onset of
large dust events at the surface in the source region to in situ
measurements assessing the aging processes of the particles.
ACE-Asia is the continuation of a series of Aerosol Characterization Experiments planned by the International Global
Atmospheric Chemistry Program (IGAC) [Bates et al., 1998;
Bates, 1999; Raes et al., 2000; Rodhe, 2000; Huebert, 2001].
[3] One of the major ground stations during ACE-Asia
was at Gosan (33.29N, 126.16E) on the island of Jeju,
Republic of Korea. The site was located at the western edge
of the island at the top of a cliff about 50 meters directly
above the East China Sea. The prevailing surface winds

were typically from the seaward direction thus isolating the
site from local pollution sources. A variety of instrumentation existed at Gosan including but not limited to measurements of aerosol and gas chemistry and composition,
particle number concentration and size distribution, as well
as radiation fluxes and optical depths in a range of band
passes and specific wavelengths. This combination of
instruments at Gosan made it a very comprehensive site
for studying the effects of aerosols in the region.
[4] One major goal in making the radiation measurements
at Gosan was to quantify the relationship between aerosols
and the surface fluxes in this region. The changes in the
radiative fluxes, or radiative forcings, due to the varying
aerosol quantity and composition are critical factors that
drive climatic processes on both planetary and local scales
[Graham, 1995]. At the surface, the radiative fluxes are
dependent on the entire atmospheric column that interacts
with the solar radiation. Understanding the radiative forcings
and forcing efficiencies is essential in better understanding
the major sources of uncertainty in modeling climate change
in global circulation models [Hansen et al., 1998].

2. Radiometric Measurements
[5] All of the radiometric measurements described in this
study are taken from RAMS (Radiometric Measurement
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Table 1. RAMS Instrumentation Summary
Instrument

FOV

Band Pass

Accuracy

TSBR
FSBR
TDDR
DTSBR

hemispherical
hemispherical
hemispherical
±2.8

0.3 – 3.8 mm
0.68 – 3.3 mm
0.40 – 0.70 mm
0.3 – 3.8 mm

1%
1%
3%
0.5%

System) that has been used extensively in a variety of field
campaigns [Valero et al., 1982, 1997; Bush et al., 1999;
Valero and Bush, 1999; Bush and Valero, 2002; Valero et
al., 2003]. In this project, the RAMS surface platform
consisted of four radiometers: three with hemispherical
fields-of-view that measured the downwelling flux at the
surface, and one narrow field-of-view instrument that was
mounted on a solar tracker to measure the direct solar beam
radiance from sunrise to sunset. Two of the three hemispherical field-of-view instruments measured broadband
portions of the solar spectrum. The TSBR, total solar
broadband radiometer, covered the spectral region from
approximately 0.3– 3.8 mm, and the FSBR, fractional solar
broadband radiometer, covered the 0.68 – 3.3 mm spectral
region. The third hemispherical field-of-view instrument
measured the visible portion of the solar spectrum from
400 to 700 nm using six 50 nm band-pass channels, with an
additional 10 nm narrowband channel centered at 500 nm
for use in calculating optical depths. This instrument, the
TDDR or total direct diffuse radiometer, also had a shadow
band that oscillated with a period of approximately 1 min so
that under clear sky conditions the direct component of the
solar flux in each of the spectral channels could be determined. The final instrument that was mounted on the solar
tracker, the DTSBR or direct TSBR, was identical to the
TSBR flux instrument except for the field-of-view restriction of ±2.8 that was centered on the solar disk throughout
each day. A summary of the RAMS instrumentation is given
in Table 1 along with their absolute accuracy. RAMS
acquired data at a rate of approximately 2 Hz. An example
of the RAMS measurements at Gosan on day 105 (15 April
2001) during ACE-Asia is given in Figure 1 for a predominantly clear sky day.
[6] The combination of the RAMS instrumentation described above provides a means of calculating a variety of
radiometric quantities other than the radiance and irradiances directly measured. The diffuse component of the total
solar flux is determined by subtracting the direct solar
component from the global flux, both quantities being
directly measured. Analysis of the TDDR measurement
gives the global, direct, diffuse, and forward-scattered
components of the visible flux on a time scale comparable
to the period of the scanning shadow band. (See Bush and
Valero [2002] for a complete description.) Furthermore,
there is a redundancy in some of the measurements because
the combination of the TDDR visible measurement (0.40 –
0.70 mm) and the FSBR near infra-red measurement (0.68 –
3.3 mm) is approximately equal to that of the TSBR
measurement (0.3 –3.8 mm) provided that flux in the ‘‘missing’’ spectral regions is considered.
[7] Spectral aerosol optical depths are determined directly
from the RAMS measurements. The measured direct solar
flux from the TDDR 500 nm narrowband channel and the
modeled top of atmosphere (TOA) value are used to
determine the line-of-sight (LOS) extinction. The Rayleigh

component and that from minor atmospheric constituents
(e.g., ozone) are removed when determining the aerosol
component of this total optical depth. The LOS optical
depth is then converted to the vertical optical depth using
the known location of the Sun. Hereafter, all references to
the aerosol optical depth represent this quantity, t500, at a
wavelength of 500 nm.
[8] The TDDR 500 nm optical depths are screened in
order to represent primarily clear-sky conditions. In the
screening process, a linear fit to the DTSBR measurement
is made for a time period consisting of 20 min about each
measurement time. The difference between the DTSBR
measurement and this fit is then determined. This difference
represents the variation of the direct solar flux after removing the recent local zenith angle variations of the Sun. When
both the instantaneous value of this difference is less than
1.0% (relative to the average DTSBR measurement for the
20 min period) and the standard deviation of the entire set of
differences within the 20 min sample period is also less than
1.0%, the measurement time is flagged as being ‘‘clear’’. In
the clear-sky radiative forcing calculations described below,
the additional requirement that the diffuse flux, derived
from the TDDR measurement in the 400 to 700 nm spectral
region, be invariant for the same 20 min time period about
the measurement is imposed.
[9] A histogram of t500 over all the clear sky conditions
measured by RAMS at the Gosan site during ACE-Asia is
given in Figure 2. The majority of the aerosol optical depths
during this period were in the 0.3– 0.5 range. There were
also some relatively clean cases where t500 was about 0.1–
0.15 (day 106, 16 April 2001) and some high aerosol events
in which t500 was over 0.6 (day 103, 13 April 2001).
Coincident with the RAMS aerosol optical depth measurements made at Gosan during ACE-Asia, there were with
three other independent measurements made by the Aerosol
Robotic Network (AERONET) [Holben et al., 1998], the
Meteorological Research Institute (METRI) (J.Y. Kim,
private communication, 2001), and the National Oceanic
and Atmospheric Administration, Climate Monitoring and
Diagnostics Laboratory (NOAA/CMDL) (S. W. Kim, pri-

Figure 1. RAMS measurements at Gosan on day 105
(15 April 2001). The TSBR, FSBR, and visible flux
measurements are shown.
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Figure 2. Histogram of t500 at Gosan for the entire ACEAsia field campaign.
vate communication, 2002). Given the 3% accuracy (see
Table 1) of the TDDR flux measurements used in determining the 500 nm aerosol optical depth, the associated uncertainty in t500 is about 0.03 for the RAMS measurements.
Table 2 gives a statistical comparison of the AERONET,
METRI, and NOAA/CMDL aerosol optical depths relative
to the RAMS values. For each of the independent measurements, both absolute aerosol optical depths differences as
well as the RMS deviations are consistent (within measurement uncertainties) with the RAMS optical depths. Later, it
is shown that the surface forcing parameters are independent
of the particular aerosol optical depth measurement applied
in this study.

3. Aerosol Radiative Forcing at the Surface
[10] Surface aerosol radiative forcing is defined as the
difference between the net flux at the surface and the same
quantity when there is no-aerosol present in the atmosphere.
In other words, it is the perturbation in the surface net flux
due to the presence of an aerosol in all of the atmospheric
layers above. Radiative forcing, F, is expressed as:
F ¼ Fnet  F0net ;

ð1Þ

where, the net flux is the difference between the downwelling flux, F#, and upwelling flux, F":
Fnet ¼ F # F " :

ð2Þ

When the upwelling surface flux is not directly measured,
we can estimate it in terms of the downwelling flux and the
surface albedo, a, via:
F "¼ a  F # :

ð3Þ

Thus combining (2) and (3), the net flux at the surface is
expressed as:
Fnet ¼ ð1  aÞ  F # :
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in this calculation due to the restriction that there are noaerosols present in the atmosphere; this is particularly true
in the visible region of the spectrum where the effects of
water vapor are also small. The model calculations
completed in this study use the atmospheric soundings of
temperature, pressure, and water vapor provided by the
METRI and the Korean Meteorological Administration
(KMA) (J.Y. Kim, private communication, 2001).
[11] The results of the no-aerosol model run on 13 and
16 April 2001 are presented in Figures 3a and 3b, respectively, as the dashed lines. The observations indicate that the
largest aerosol optical depths occurred on 13 April and that
the lowest values occurred on 16 April. In both cases, the
no-aerosol calculations are always greater than the measured fluxes. For reference, the TOA values (dotted lines)
are also shown for each spectral region. The radiative
forcing at the surface is calculated from the measurements
and model results using equations (1) and (4). A slight solar
zenith angle dependence exists in the radiative forcing term,
but it is not as pronounced as that in the flux values.
[12] For all of the forcing calculations, the surface albedoes (over water) are estimated as 3.0 ± 0.2%, 2.5 ± 0.2%,
and 3.8 ± 0.3% for the TSBR, FSBR, and visible band
passes, respectively. These albedo values are measured
using identical instrumentation to RAMS from the airborne
platform aboard the NCAR C-130 that operated during
ACE-Asia. These albedo measurements correspond to averages over 12 days during the ACE-Asia campaign when the
C-130 was flying under clear skies at low altitude (less than
200 m) over water. The relatively small variability in the
albedo measurements over the entire ACE-Asia period
indicates that conditions such as wind speed, etc., do not
significantly affect this parameter and, in turn, are a minor
contribution to the uncertainties in the forcing calculations.
[13] In this work, as well as in previous studies [Jayaraman
et al., 1998; Meywerk and Ramanathan, 1999; Bush and
Valero, 2002], although defined explicitly above, radiative
forcing has been referred to in a variety of modified expressions. As expressed in equation (1), it represents the instantaneous forcing for the given measurement location and time.
Although important, radiative forcing in this form is not the
most useful in assessing the climatic impact of an aerosol in a
region and over a prolonged period of time. Below, additional radiative forcing quantities, derived from equation (1),
are defined and quantified using the radiometric measurements during ACE-Asia.
3.1. Diurnally Averaged Forcing
[14] The diurnally averaged forcing is simply the integrated radiative forcing at the surface averaged over a
24-hour period:
Z

ð4Þ
DF ¼

Since there are no direct measurements of the pristine (noaerosol) downwelling surface fluxes during the ACE-Asia
field campaign at the Gosan site, this quantity is calculated
using the MODTRAN 4.0 atmospheric model [Anderson et
al., 1999]. Previous studies have shown that the aerosol
composition, optical parameterization, and distribution of
aerosols can be a significant source of error in clear sky
radiative transfer model calculations [Valero and Bush,
1999]. The uncertainties in the modeled fluxes are reduced

ACE

ð5Þ

F dt=24 hr:

Table 2. Statistical Comparison of Measured Aerosol Optical
Depths Relative to the RAMS Values
Platform

Average Difference

RMS Deviation

CMDL
METRI
AERONET

0.019
0.017
0.006

0.016
0.026
0.019
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Figure 3. RAMS measurements at Gosan on (a) day 103 (13 April 2001) and (b) day 106 (16 April
2001) with the addition of the no-aerosol model runs (dashed lines). For reference, the TOA fluxes are
shown as dotted lines for each spectral region. The calculated surface forcing values are also shown for
each spectral region.
[15] The cases examined in this work are restricted to
clear-sky conditions, so the forcing term, F, must first be
cloud-screened before completing the integration. After this
screening is completed, the data are interpolated or extrapolated to fill in the ‘‘missing’’ clear-sky periods during the
day. In cases where the fraction of total clear-sky conditions
during the day is small, the diurnally averaged radiative
forcing cannot be calculated with any reasonable certainty.

In this study, we do not define a specific threshold for the
percentage of clear sky throughout the day necessary for
calculating a diurnal averaged forcing value, but rather
assess the applicability of the data with respect to the length
and time of occurrence of the non-clear segments. In most
cases, the conditions are considered clear for at least 50% of
the period from sunrise to sunset. For the measurements
made on 13 April 2001 and depicted in Figure 3a, the diurnal
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Table 3. Average Aerosol Optical Depths and Diurnal Forcing Values for Clear or Mostly Clear Days at Gosan During ACE-Asiaa
tAVE

Day
85 (PM)
91 (AM)
94 (AM)
102 (PM)
103 (AM,PM)
105 (AM,PM)
106 (AM)
107 (AM,PM)
108 (AM,PM)
112 (AM,PM)
116 (AM,PM)

0.353
0.447
0.309
0.301
0.708
0.357
0.142
0.580
0.415
0.412
0.474

±
±
±
±
±
±
±
±
±
±
±

0.021
0.011
0.053
0.016
0.038
0.029
0.008
0.067
0.026
0.071
0.037

DF TSBR

DF FSBR

DF Visible

26.0
30.3
18.3
31.7
52.1
34.0
10.6
42.2
25.6
28.0
36.5

11.3 ± 1.0
15.3 ± 1.5
10.6 ± 0.9
13.7 ± 1.3
25.1 ± 1.1
16.9 ± 0.6
5.7 ± 0.4
21.4 ± 1.0
10.4 ± 0.4
14.3 ± 0.6
18.3 ± 0.8

16.0 ± 1.4
18.2 ± 1.8
12.0 ± 1.1
17.8 ± 1.8
29.1 ± 1.3
17.2 ± 0.6
7.3 ± 0.5
20.8 ± 0.9
15.7 ± 0.6
15.9 ± 0.7
19.6 ± 0.8

±
±
±
±
±
±
±
±
±
±
±

2.3
3.0
1.6
3.2
2.4
1.1
0.7
1.9
0.9
1.1
1.5

All of the diurnal forcing values are in W m2.

a

average forcing is calculated to be DF = 52.1 W m2 for
the TSBR band pass.
[16] It is also instructive to calculate the average optical
depth, tAVE, during the day in order to understand the
relationship between the magnitudes of the diurnal forcing
and average optical depth. The average 500 nm aerosol
optical depth on 13 April 2001 was measured to be 0.708 ±
0.038. Even though the aerosol composition and magnitude
will vary during the day, the ratio between DF and tAVE
will indicate the effectiveness of the aerosol in perturbing
the atmosphere of the entire day - the larger the ratio, the
greater the forcing per unit optical depth. This effectiveness,
or forcing efficiency, is discussed in further detail below.
[17] A summary of the diurnal forcing values for 11 predominantly clear days is given in Table 3. The uncertainties
in the forcing values are determined via estimates in the noaerosol model calculations as well as albedo and radiative

flux measurements. In cases when only the morning was
clear, the integral in equation (5) is only completed up to the
point that the Sun reaches its highest point in the sky.
Similarly, when only the afternoon is clear, the integral starts
at solar noon and goes for 12 hours. In both cases, the
calculated value is restricted to clear sky conditions and
scaled to represent a complete day. By not restricting the
conditions to being mostly clear from sunrise to sunset, we
are able to estimate the diurnal forcing for 11 days as opposed
to only 6 without this characterization.
3.2. Fractional Forcing
[18] We introduce a new term in this work called the
fractional forcing, FF. This is simply the forcing, F,
divided by the TOA flux and represents the percentage of
incident solar radiation that is being forced by the atmosphere. Both the instantaneous forcing and the diurnal

Figure 4. The radiative forcing is plotted versus the aerosol optical depth for all clear-sky data during
ACE-Asia at Gosan. Each data point represents a 10-min average. The TSBR, FSBR, and visible band
passes are triangles, squares, and diamonds, respectively. The dashed line represents the best fit line
through the data points.
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Figure 5. Same as Figure 4 but for the fractional forcing.
forcing can be expressed in fractional terms. In analogy to
FF, the fractional diurnal forcing, FDF, is just the
diurnal forcing given in equation (5) divided by the TOA
solar flux that is also averaged over the same 24-hour
period. On 13 April 2001 at Gosan, the average TOA flux
was 415.0 W m2 for the TSBR band pass indicating a
FDF value of 12.6% on this day. Fractional forcing and
diurnal fractional forcing are more general terms that can be
used to more directly compare different geographic regions
or the same region at different times of the year.
3.3. Forcing Efficiency
[19] The absolute magnitude of the surface radiative
forcing is highly dependent on not only the amount of
energy entering the atmosphere, but also the quantity and
type of aerosols perturbing the environment. As the aerosol
optical depth increases, so does the radiative forcing. The
rate at which the atmosphere is ‘‘forced’’ per unit optical
depth is known as the forcing efficiency. This quantity can
be calculated in absolute terms using the forcing parameters
as defined in equations (1) and (5), or alternatively by their
fractional forcing counterparts.
[20] Figure 4 shows F plotted versus t500 for the entire
ensemble of data measured during ACE-Asia at Gosan.
Each symbol represents a 10-min average of data and has
been screened to remove clouds as described earlier. The
slope of the dashed lines represent the forcing efficiency,
Fe, and is calculated by averaging the individual forcing
efficiencies for each data point. The uncertainty of Fe is
the statistical standard deviation corresponding to these
points. For the TSBR, FSBR, and visible band passes, the
forcing efficiency is 173.0 ± 32.9, 83.4 ± 21.0, and
93.6 ± 12.9 W m2 per unit optical depth. The scatter in
the data on this forcing efficiency plot is partly due to

varying aerosol composition throughout the measurement
period. Moreover, the normal-incidence TOA irradiance
decreases from about 1360 W m2 at the beginning of the
measurement period to about 1330 W m2 at the end.
Hence the total amount of energy incident the atmosphere
in the region is varying.
[21] To account for the variability of the external flux, we
examine the fractional forcing efficiency, FFe. Figure 5
depicts the fractional forcing as a function of t500 completely analogous to Figure 4. The resulting values of FFe
for the TSBR, FSBR, and visible band passes are 15.7 ±
3.3, 13.8 ± 3.5, and 21.8 ± 3.8. The units of these
numbers are all percent of the TOA flux in that band pass
per unit optical depth at 500 nm. We see here that despite
the fact that Fe for the FSBR and visible band passes are
approximately equal in magnitude, the corresponding
values of FFe indicate that a larger percentage for the
visible portion of the solar spectrum is absorbed at Gosan
during ACE-Asia.
[22] Similar analyses of DF and FDF in terms of tAVE
give values for the diurnal forcing efficiency, DFe (see
Figure 6), and the fractional diurnal forcing efficiency,
FDFe (see Figure 7). A summary of all of the forcing
efficiency results during at Gosan during ACE-Asia is given
in Table 4.

4. Discussion
[23] To understand the aerosol forcing efficiency trends, it
is beneficial to have a range of high and low aerosol
conditions. The distribution of clear-sky aerosol optical
depths at Gosan during ACE-Asia (Figure 2) shows that
even though the majority of the measurements were made
with t500 in the range 0.3– 0.5, there were also periods of
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Table 4. Summary of Surface Forcing Efficiency Analyses at
Gosan During ACE-Asia

Figure 6. The diurnal forcing is plotted versus the average
aerosol optical depth for the 11 clear or mostly clear days
summarized in Table 3. The TSBR, FSBR, and visible band
passes are triangles, squares, and diamonds, respectively.
Additionally, the best fit lines are solid, dotted, and dashed,
respectively.
relatively clean conditions (t500 = 0.1  0.2) as well as high
aerosol events (t500 = 0.6  0.8). Low aerosol conditions
are most useful in validating the components used in
calculating the radiative forcing: the radiation measurements and the ‘‘no-aerosol’’ model calculations. These
quantities must compare well for the calculated forcing to
approach zero as the aerosol optical depth also approaches
zero, the boundary condition in the forcing definition.
Furthermore, a close comparison of the measured and
modeled fluxes also acts as a validation of the absolute
calibration constants of the radiometers. As depicted in
Figure 3b, the flux measurements on 16 April (the lowest
aerosol optical depth day at Gosan during ACE-Asia) very
nearly approach the ‘‘no-aerosol’’ model calculations thus

Figure 7. Same as Figure 6 but for the fractional diurnal
forcing.

Forcing Term

TSBR

Fe (W m2)
DFe (W m2)
FFe (%)
FDFe (%)

173.0 ± 32.9
73.0 ± 9.6
15.7 ± 3.3
18.0 ± 2.3

FSBR
83.4
35.8
13.8
16.2

±
±
±
±

21.0
5.5
3.5
2.4

Visible
93.6
42.2
21.8
26.7

±
±
±
±

12.9
4.8
3.8
3.3

giving credibility to the model calculations and flux measurements.
[24] The surface forcing results discussed in this work
represent the average of the overall conditions in Gosan
from 25 March to 4 May 2001. Back trajectories of the air
masses in the atmospheric column over Gosan indicate that
the region was influenced by a number of different source
regions throughout the measurement period and consequently a wide variety of aerosol types [Merrill, 2001].
The spread of the data points about the best fit lines in
Figures 4 through 7 most likely represents the varying
forcing efficiencies associated with these different aerosol
types. Nevertheless, the overall effect of the aerosols in this
region is properly characterized by the forcing efficiencies
summarized in Table 4. As a consistency check, when all of
the parameters presented in Table 4 are re-analyzed using
the aerosol optical depth measurements from the CMDL,
METRI, and AERONET platforms, the resulting values are
all well within the quoted uncertainties.
[25] It is instructive not only to look at the magnitude of
the radiative forcing due to atmospheric aerosols, but also
the distribution within the solar spectrum of this energy. At
Gosan, for the time period during ACE-Asia, even though
the absolute radiative forcing at the surface in the visible
and near-infrared portions of the solar spectrum are roughly
equal (93.6 and 83.4 W m2/t500), the fraction relative
to that incident the Earth’s atmosphere is greater for the
visible light (21.8 and 13.8%/t500). Hence as expected,
the aerosols have a much greater effect in perturbing the
visible portion of the solar spectrum than the near-infrared
portion.
[26] The Indian Ocean Experiment (INDOEX), in part,
characterized the radiative forcing resulting from the anthropogenic haze in the North Indian Ocean and Southeast
Asia [Ramanathan et al., 2001]. The intensive field phase of
INDOEX took place from February through March 1999.
Independent measurements of DFe at the Kaashidhoo
Climate Observatory (KCO) resulted in values of 70 to
75 W m2/tAVE for the total solar spectrum and about
38 to 40 W m2/tAVE for the visible (0.4 –0.7 mm)
[Satheesh and Ramanathan, 2000; Bush and Valero, 2002].
The magnitude of these forcing efficiencies is slightly less
(about 5%) but still comparable (within error margins) to
those found in this study for the ACE Asia domain (73.0
and 42.2 W m2/tAVE for the same spectral regions).
[27] An additional analysis of the INDOEX surface
forcing measurements presented by Bush and Valero
[2002] specifically looking at the fractional forcing efficiencies gives values of 16.8 ± 1.2%/tAVE and 23.1 ±
2.6%/tAVE for FDFe in the TSBR and visible spectral
regions. A comparison of the ACE-Asia and INDOEX
surface forcing measurements is summarized in Table 5.
When the geographic location and time of year that the
surface measurements in ACE-Asia and INDOEX are
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Table 5. Summary of Surface Forcing Efficiency Analyses at
Gosan During ACE-Asia and at KCO During INDOEX
ACE-Asia
Forcing Term
Fe (W m2)
DFe
(W m2)
FFe (%)
FDFe (%)

TSBR

Visible

INDOEX
TSBR

Visible

173.0 ± 32.9 93.6 ± 12.9 173.8 ± 30.2 88.7 ± 14.7
73.0 ± 9.6 42.2 ± 4.8 72.2 ± 5.5 38.5 ± 4.0
15.7 ± 3.3
18.0 ± 2.3

21.8 ± 3.8 15.2 ± 2.6
26.7 ± 3.3 16.8 ± 1.2

19.5 ± 4.3
23.1 ± 2.6

considered, the average TOA flux is slightly greater for the
INDOEX period (February through March 1999) relative
to that for ACE-Asia (March through May 2001). This
reduction in the TOA flux in ACE-Asia relative to the
INDOEX case explains the larger values of FFe and
FDFe for comparable values of Fe and DFe.
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