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Abstract

To understand climatic implications of aerosols over global oceans, the aerosol optical

properties retrieved from the Sea-viewing Wide Field-of-view Sensor (SeaWiFS) are analyzed,

and the effects of the aerosols on the Earth's radiation budgets (aerosol radiative forcing,

ARF) are computed using a radiative transfer model. It is found that the distribution of the

SeaWiFS-retrieved aerosol optical thickness is distinctively zonal. The maximum in the

equatorial region coincides with the Intertropical Convergence Zone, and the maximum in the

Southern Hemispheric high latitudes coincides with the region of prevailing westerlies. The

minimum aerosol optical thickness is found in the subtropical high-pressure regions,

especially in the Southern Hemisphere. These zonal patterns clearly demonstrate the

influence of atmospheric circulation on the oceanic aerosol distribution.

Over global oceans, aerosols reduce the annual-mean net downward solar flux by 5.4 W

m-2 at the top of the atmosphere and by 5.9 W m-2 at the surface. The largest ARF is found in

the tropical Atlantic, Arabian Sea, Bay of Bengal, the coastal regions of Southeast and East

Asia, and the Southern Hemispheric high latitudes. During the period of the Indonesian big

fires (September-December 1997), the cooling due to aerosols is >10 W m-2 at the top of the

atmosphere and >25 W m-2 at the surface in the vicinity of Indonesia. The atmosphere

receives extra solar radiation by >15 W m-2 over a large area. These large changes in radiative

fluxes are expected to have enhanced the atmospheric stability, weakened the atmospheric

circulation, and augmented the drought condition during that period. It would be very

instructive to simulate the regional climatic impact of the Indonesian big fires during the

1987-1988 El Nino event using a general circulation model.
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1. Introduction

Aerosols directly affect the heat budgets of the Earth by reflecting and absorbing solar

radiation.  The lifetime of aerosols is short and the temporal and spatial variations are large.

As a result, information on long-term and global distributions of aerosols is lacking, and the

climatic impact of aerosols is not well understood.

Satellite remote sensing of aerosols over land is difficult because the reflectivity of

aerosols is usually smaller than the reflectivity of land surface. Over oceans, the surface

reflectivity is small and aerosol optical properties can be estimated much more reliably than

that over land. The Total Ozone Mapping Spectrometer (TOMS) retrieves the aerosol

distribution over both land and oceans by means of aerosol index (AI), which is related to the

aerosol optical thickness and the single-scattering albedo (Herman et al., 1997). Distributions

of aerosols over global oceans have been derived from various satellite radiance

measurements. For example, Husar et al. (1997) retrieved the aerosol optical thickness from

the radiance measured in the 0.63-µm channel of the NOAA Advanced Very High Resolution

Radiometer (AVHRR). Michchenko et al. (1999) applied a two-channel retrieval algorithm to

the AVHRR measurements and derived both the optical thickness and the Ångström

exponent, which provides information on the spectral variation of the optical thickness. Deuze

et al. (1999) retrieved the aerosol optical thickness and the Ångström exponent from the

radiances and polarization measured in the 0.670-µm and the 0.865-µm channels of the

POLDER instrument on the Japanese Advanced Earth Satellite System (ADEOS). Recently,

Rajeev et al. (2000) retrieved the aerosol optical thickness over Arabian Sea, Bay of Bengal,

and the Indian Ocean using the radiance measured in the 0.63-µm channel of the AVHRR.

The retrieval used an aerosol model constructed from the aerosol chemical, microphysics and

optical properties measured at the Kaashidhoo Climate Observatory on the island of

Kaashidhoo (4.96˚N, 73.46˚E) during the Indian Ocean Experiment (INDOEX). In addition

to satellite retrievals, the global distribution of aerosols has also been simulated using models.

Chin et al. (2001), Haywood et al. (1999), and Tegen et al. (2000) derived the global

distributions of optical properties of various aerosol types using a chemistry-aerosol-transport

model driven by model simulated/assimilated atmospheric temperature, humidity, and cloud
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fields. The products include not only the optical thickness but also the single-scattering

albedo and asymmetry factor, all of which are important for computing the radiative effect of

aerosols (or aerosol radiative forcing, ARF).

The National Aeronautics and Space Administration (NASA) launched the Sea-viewing

Wide Field-of-view Sensor (SeaWiFS) satellite on 1 August, 1997 to measure global ocean

color and to retrieve ocean bio-optical properties (Hooker et al., 1992). The retrieved aerosol

optical thickness over global oceans is a by-product of the SeaWiFS atmospheric correction

for ocean color products (Gordon and Wang, 1994a). The aerosol data are available starting

from September 1997. The SeaWiFS is a polar orbiting satellite with an equatorial crossing at

local noon, and the temporal resolution of the retrieved aerosol optical thickness and

Ångström exponent is once a day (Wang et al., 2000a). It has a high spatial resolution of 1

km at the nadir.

In this study, we conduct radiative transfer calculations to assess the radiative forcing of

aerosols retrieved from the SeaWiFS radiance measurements. The SeaWiFS algorithm for

retrieving oceanic aerosols is summarized in Section 2. The radiative transfer model used for

calculating ARF and the source of data used for input to the radiation model are described in

Section 3. Section 4 analyzes the distribution of the SeaWiFS-retrieved aerosol over global

oceans and its relation to atmospheric circulation. Section 5 presents the results of model-

calculated ARF at the top of the atmosphere (TOA), in the atmosphere, and at the surface.

Comparisons of the model-calculated clear-sky solar flux at TOA with satellite retrievals are

given in Section 6. Conclusions of this work are given in Section 7.

2.  The SeaWiFS aerosol retrieval algorithm

The total upward radiance at the top of the ocean-atmosphere system, Lt ( ), measured

at the two SeaWiFS near-infrared (NIR) wavelengths at 0.765-µm and 0.865-µm can be

written as

Lt ( ) = Lr ( ) + La ( ) + Lra ( ) + tLwc( ) + TLg( ) , (1)

where Lr ( ) , La ( ) , and Lra ( )  are the radiance contributions from multiple scattering of

air molecules (Rayleigh scattering with no aerosols), aerosols (no molecules), and Rayleigh-
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aerosol interactions, respectively (Gordon and Wang, 1994a).  Lg ( )  is the specular reflection

from the direct sun (sun glint) radiance and Lwc ( )  is the radiance at the sea surface resulting

from sunlight and skylight reflecting off whitecaps on the surface (Gordon and Wang,

1994b), T and t are the atmospheric direct and diffuse transmittances (Yang and Gordon,

1997) at the sensor viewing direction, respectively.  For clear ocean waters, the radiance

contributions from ocean water are negligible at the two NIR bands because of strong water

absorption.  For productive ocean waters, radiances from waters at the two NIR bands are

estimated using a bio-optical model (Siegel et al., 2000).  In the above equation, the Rayleigh

radiances Lr ( )  are computed using the vector radiative transfer theory (accounting for

polarization) for a Rayleigh-scattering atmosphere overlying a rough (wind speed dependent)

Fresnel-reflecting ocean surface (Gordon and Wang, 1992).  The whitecap radiances are

computed using a model with input of sea surface wind speed (Gordon and Wang, 1994b),

and the sun glint contamination is minimized by operationally tilting the sensor 20° away

from the nadir at sub-solar point, applying a sun glint mask, and making an explicit

correction for residual contamination.   The aerosol radiances La ( ) + Lra( ) are generated

as lookup tables (12 aerosol models) (Gordon and Wang, 1994a) based on aerosols from

Shettle and Fenn (1979). The SeaWiFS aerosol retrieval algorithm uses the aerosol radiances

measured at 0.765-µm and 0.865-µm channels, i.e., Lt( ) − L r( ) − tLwc( ) − TLg ( ) , to

select two most appropriate aerosol models from a suite of 12 candidate aerosol models.  The

aerosol optical thickness is then retrieved from the radiance at 0.865-µm.

Wang et al. (2000b) compared the SeaWiFS-derived aerosol optical thickness at 0.865-

µm with that derived from ground radiance measurements using both Cimel sun-sky scanning

radiometer within the Aerosol Robotic Network (AERONET) (Holben et al., 1998) and

handheld MICROTOPS sun photometers. Figure 1 shows that the SeaWiFS-derived aerosol

optical thicknesses are in good agreement with the Cimel measurements at various coastal and

island stations.

3. Radiative transfer model and data source
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The effects of aerosols on the solar radiation (or aerosol radiative forcing, ARF) at

TOA, in the atmosphere, and at the surface are calculated using the radiation model of Chou

and Suarez (1999). Calculations of clear-sky solar fluxes include the absorption of solar

radiation by ozone, water vapor, CO2, and O 2, scattering due to gases (Rayleigh scattering),

and the absorption and scattering due to aerosols.  Interactions among gas absorption,

Rayleigh scattering, aerosol scattering and absorption, and surface reflection are explicitly

included using the δ-Eddington approximation.  The solar spectrum is divided into the

UV/visible region (0.175-0.7 µm) and the infrared (IR) region (0.7-10 µm).  The UV and

visible region is further divided into 8 bands, and the IR region is divided into 3 bands.

Single values of the ozone absorption coefficient, Rayleigh scattering coefficient, and aerosol

optical properties (optical thickness, single-scattering albedo, asymmetry factor) are used for

each band.  The absorption in the IR due to water vapor is computed using the k-distribution

method, where k is the absorption coefficient.  Ten values of k are used in each of the three IR

bands, whereas a single value of k is applied to computing the water vapor absorption in the

photosynthetically active (PAR) region from 0.4 to 0.7 µm.

Data input to the radiation model for clear-sky flux calculations include vertical profiles

of temperature, humidity, and ozone, the aerosol optical properties, and the albedo of the

ocean surface. The temperature fields are taken from the National Centers for Environmental

Prediction/National Center for Atmospheric Research (NCEP/NCAR) reanalysis (Kalnay et al.,

1996). The column water vapor is taken from the Special Sensor Microwave/Imager (SSMI)

retrievals of Wentz (1994). The column ozone amounts are taken from the TOMS retrievals

(McPeters et al., 1998), which are climatological monthly-mean values. To justify the use of

climatological monthly ozone amount, we have conducted model sensitivity studies. Model

calculations show that fluxes at the TOA and the surface are not sensitive to the ozone

amount. The daily mean surface flux in the tropics changes by <0.5 W/m-2 when the column

ozone amount changes from 250 Dobson Units to 320 Dobson Units. The former is a typical

ozone amount of equatorial regions, and the latter is typical of subtropical regions. The

shapes of vertical profiles of water vapor and ozone also have little effects on the absorption

of solar radiation. These profiles are assumed to follow that of a typical mid-latitude summer
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atmosphere by scaling the column water vapor and ozone amounts, so that the column

amounts are the same as that of the SSMI- and TOMS-retrieved values. The albedo of the

ocean surface is fixed at 0.05, which is assumed to be the mean albedo averaged over solar

zenith angles and over both direct and diffuse downward solar fluxes at the surface.

The spectral variation of the aerosol optical thickness is a function of the particle size.

For the SeaWiFS maritime aerosol model, the optical thickness relative to that at 0.865 µm is

approximated by

o

=
o

 
  

 
  

−a

(2)

where τ is the optical thickness, λ is the wavelength, λο=0.865 µm, and τo is the optical

thickness at λο. The parameter a is the Ångström exponent, which is approximately equal to

0.215 for the SeaWIFS maritime aerosols. Usually the parameter a near the highly polluted

continents is larger than that over open oceans due to a smaller particle size. We have

investigated the sensitivity of the ARF to the particle size by increasing the value of a from

0.215 to 0.5. When the SeaWiFS-retrieved aerosols are used, the effect of a on both the TOA

and the surface ARF is negligible. The maximum effect is only 0.5 W m-2 and is restricted to

very small oceanic regions. The reason for this small effect is the cancellation between the

contributions from spectral regions with wavelength greater and less than 0.865 µm.  When a

changes from 0.215 to 0.5, the aerosol optical thickness relative to τ increases in the spectral

region λ<0.865 µm and decreases in the region λ>0.865 µm. The results on ARF shown in

this study are calculated using a=0.215.

The asymmetry factor, g, varies slightly with aerosol models and spectral bands. For the

maritime aerosols, the variation of g with wavelength is in the range 0.783 - 0.790. Therefore,

we fix the value of g at 0.786 in calculating ARF. The single-scattering albedo affects

significantly the ARF, especially at the surface. Over the vast oceanic regions, most of the

aerosols are maritime in nature, and sulfuric aerosols can be assumed as typical over oceanic

regions. For maritime sulfuric aerosols, the absorption is weak, and we fix the single-

scattering albedo, ωo, at 0.9955 in the model calculations, which is practically non-absorbing.

For aerosols in regions of active tropical forest fires and in the windward side of major
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deserts, the optical thickness is large. The absorption of solar radiation by these aerosols is

strong. The magnitude of ωo is in the range of 0.88-0.9 (Gras et al., 1999; Podgorny et al.,

2000; Tegen et al., 1996). Due to lack of detailed information on the absorption property of

oceanic aerosols, we assume that ωo=0.9955 and g= 0.786 for τo<0.18 to represent maritime

aerosols and ωo=0.9 and g = 0.69 for τo>0.3 to represent dusts from deserts and smoke from

forest fires. For 0.18<τ a<0.3, ωo and g are interpolated linearly with τo.  The dependence of

ωo and g on spectral band is neglected, again due to lack of detailed information.

Aerosols are assumed to be evenly distributed between the surface and the 800-hPa

level. Model calculations show that the ARF is not sensitive to the vertical extent of aerosols.

When the upper boundary of the aerosol layer is changed from 800 hPa to 900 hPa, the ARF

at TOA changes by <5%.

Using the high temporal-resolution (15 min) aerosol optical thickness inferred from

radiances at AERONET sites over the globe, Kaufman et al. (2000) found that aerosol optical

thickness measured by NASA's Terra and Aqua polar-orbiting satellites could represent the

daily mean optical thickness with an error of <2%. The local time of satellite passing is 10:00-

11:30 for the former and 12:30-14:00 for the latter. Based on this finding, we have assumed

that the SeaWiFS-derived aerosol optical thickness during the local hours 11:30-12:30 is

representative of daily mean values. The solar fluxes are computed at 30-min intervals. The

solar zenith angle is computed as a function of local time, day, and latitude. The ARF's

presented in the study are mean values averaged over both day and night.

To understand the aerosol distribution over global oceans, we also have computed the

global distribution of the divergence of wind. The wind field of the NCEP/NCAR reanalysis is

used in this study.  Finally, the clear-sky TOA flux derived from the Clouds and the Earth's

Radiant Energy System (CERES) (Wielicki et al., 1996) is used for the comparison with the

model-calculated clear-sky solar flux at TOA.

4. Distribution of aerosol optical thickness over global oceans

The SeaWiFS-retrieved aerosol optical thickness at 0.865 µm, τo, is shown in Fig. 2 for

October 1997, January 1998, April 1998, and July 1998. To relate the aerosol distribution to
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the atmospheric circulation, the divergence of winds at 925 hPa derived from the

NCEP/NCAR reanalysis is also shown in the figure for the same months. The most striking

feature is that the aerosol distribution is largely zonal. High optical thickness is found in

tropical oceans and at high latitudes in the Southern Hemisphere (SH). Low optical thickness

is found in the subtropics of both hemispheres. This distribution pattern basically coincides

with atmospheric circulation: high in convergence regions and low in divergence regions. The

large aerosol optical thickness in the tropical Atlantic is found in all seasons. It is a well

acknowledged feature as can be seen from satellite images (http://toms.gsfc.nasa.gov/aerosols),

which is related primarily to the Sahara desert dusts and secondarily to African forest fires.

The prevailing easterly winds bring the aerosols across the Atlantic to the east coasts of the

Central and South Americas.

The maximum in equatorial oceans was not previously well acknowledged. The

maximum in the western Pacific just north of the equator (~10˚N) is also shown in the TOMS

retrieval, but not the POLDER retrieval (Chiapello et al., 2000). The AVHRR retrieval also

found a maximum in this region in March, April, and May 1989-1991, but not as evident in

other months (Husar et al. 1997). The question arises concerning the source of the aerosols,

especially over the central equatorial Pacific. It is possible that the maximum over equatorial

oceans is caused by the convergence of aerosols from subtropical regions in a way similar to

the convergence of water vapor. Strong trade winds in the tropics could produce a substantial

amount of sea salt and carry the aerosols to the equatorial region. The types of aerosols in the

equatorial region could provide critical information on the source of aerosols. Unfortunately,

little information is available.

In January 1998, a narrow band of minimum τo is found near the equator over Pacific,

Atlantic and Indian Oceans. It is consistent with the Intertropical Convergence Zone (ITCZ),

which is also shown in the panel on the right-hand-side of the same figure. According to the

NCEP/NCAR reanalysis, this ITCZ is also the zone of maximum precipitation (not shown in

the figure). It is likely that the minimum is related to the removal of aerosols by rain. Other

months do not show this feature. It is interesting to note that normally one would concern that

the aerosol optical thickness might be overestimated in the ITCZ because of the difficulty in
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detecting thin or remnants of clouds in a satellite-field-of view. Apparently, this is not a

problem for the SeaWiFS aerosol retrieval for the month of January 1998.

The large value of τo in the Arabian Sea and the Bay of Bengal is found in April and

July 1998, which is believed to be contributed from fossil fuel combustion and wind-blown

dusts.  The July maximum of τo in the Arabian Sea is also evident in the retrievals using the

AVHRR radiance measurements (Husar et al., 1997; Mishchenko et al., 1999). In aerosol

retrievals using the AVHRR measurements, Rajeev et al. (2000) found that, in January 1998,

the optical thickness in the Arabian Sea and the Bay of Bengal is high (0.15-0.45 at 630 µm).

This feature is not found in the SeaWiFS retrieval. Part of the reason for this discrepancy

might be due to the limit imposed in the SeaWiFS-retrieval algorithm that no retrievals are

made for τo > 0.5.

In the northern spring, a large amount of desert dust and aerosol from fossil fuel

combustion is carried by prevailing westerly winds from Asia across North Pacific to the west

coasts of North America. Measurements from TOMS shows that it takes ~5-6 days for

aerosols to transport across the North Pacific at ~45˚N-55˚N

(http://toms.gsfc.nasa.gov/aerosols). The local maximum aerosol optical thickness in North

Pacific during April 1998, as shown in Figure 2, is likely related to the aerosols from Asia.

During the period September-November 1997, there were big forest fires in Indonesia.

The period of the big Indonesian fires coincides with the 1997-1998 El Nino when the

convection center in the maritime continents shifted eastward to the central equatorial Pacific,

and Indonesia was under the influence of subsiding air, which augmented the forest fires.

The large value of τo is shown clearly in the SeaWiFS retrievals (top-left panel), which extends

from the maritime continents westward to the equatorial Indian Ocean.

In the SH, the maximum at high latitudes, centered at 50˚S -60˚S, is related to a large

amount of sea salt and maritime sulfuric aerosols generated by strong prevailing westerlies.

This maximum aerosol band is also shown in the study of Chin et al. (2001) using a chemical

model coupled to the atmospheric circulation simulated by the Data Assimilation Office of

NASA/Goddard Space Flight Center. The minimum in the subtropical zone, centered at 30˚S,

is also evident in Husar et al. (1997) and Mishchenko et al. (1999).
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Figure 3 shows the latitudinal distribution of SeaWiFS-retrieved aerosol optical

thickness over oceans for the year 1998. The maxima in the ITCZ and at southern high

latitudes (50˚S-60˚S), as well as the minimum in the southern subtropical high-pressure region

(20˚S -30˚S) are evident. The minimum at the northern subtropical high pressure-region

(~25˚N) is not as evident. Averaged over global oceans, both mean and median τo are 0.105.

The region with τo >0.25 is very small (not shown in the figures).

5. Aerosol radiative forcing

The effects of aerosols on the radiative fluxes, defined as the radiative forcing (ARF), at

TOA and the surface are given by

∆Ft
↓

= Ft,dst
↓ − Ft,cln

↓ (3)

and

∆Fs
↓

= Fs,dst
↓ − Fs,cln

↓  (4)

where F↓  denotes the net downward flux (downward minus upward radiation integrated over

the solar spectrum), the subscripts t and s denote TOA and the surface, and dst and cln denote

dusty and clean skies, respectively.

The ARF's at TOA and the surface averaged over the year 1998 are shown in Fig. 4.

The ARF's are first calculated for each day and each 1˚x1˚ latitude-longitude region, then

averaged over the year. Large aerosol cooling of the ocean-atmosphere system (upper panel)

exceeding 6 W m-2 is found in the tropical Atlantic, central equatorial Pacific, southern

hemispheric high latitudes, and the coastal regions extending from East Africa, Arabian Sea,

Bay of Bengal, Southeast Asia, to East Asia. In the eastern tropical Atlantic, the maximum

cooling exceeds 8 W m-2 due to aerosols from Sahara dust and forest fires. The minimum

cooling is located in the subtropics, especially in the SH where the cooling is < 4 W m-2.

The lower panel of Fig. 4 shows the annual-mean ARF at the surface. The distribution

of ARF at the surface follows closely the ARF at the TOA. In the tropical Atlantic and the

Arabian Sea, the forcing at the surface is much larger than that at TOA, with a maximum

cooling of ~15 W m-2. By taking the difference between the forcing at TOA and the surface, it
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follows that aerosols in these regions enhance the solar heating of the atmosphere by ~4 W m-

2. It is noted that the large surface ARF in the tropical Atlantic and the Arabian Sea occurs

primarily in the summer months of May-September, 1998.

The largest ARF occurs in the eastern portion of the tropical Atlantic and spread

westward to the east coasts of Central America and northern South America. High ARF is

found through the whole year. The large aerosol forcing is expected to have a significant

effect on cloud dynamics, the atmospheric stability, and the atmospheric circulation in the

tropical Atlantic. In the Arabian Sea and the Indian Ocean, large aerosol forcing is found in

the spring and summer (from April through September).

Table 1 shows the aerosol radiative forcing averaged over oceans in January, April, July,

October, and the whole year of 1998. The seasonal change in ARF is large. The maximum

and minimum of the monthly mean ARF differ by ~33% in the Northern Hemisphere (NH)

and ~50% in the SH. The seasonal variation of the incoming solar radiation at TOA is larger

at high latitudes than at low latitudes. Because there is larger fractional oceanic coverage at

high latitudes in the SH than in the NH, the seasonal variation of ARF in the SH is larger than

the NH. Averaged over global oceans, the annual mean ARF is -5.4 W m-2 at TOA and -5.9 W

m -2 at the surface. Aerosols enhance the atmospheric solar heating by 0.5 W m-2.

Nearly all of previous studies on large-scale ARF were based on model simulations of

aerosol distributions. Among those studies, only a few included all major aerosol species. Still,

some included both land and ocean and both clear and cloudy skies (e.g. Tegen et al., 2000).

As a result, direct comparisons of our results with most of other studies are difficult. Haywood

et al. (1999) derived the distributions of major aerosol species over global oceans using a

chemistry/transport model and computed the clear-sky ARF.  For the period 1987-1988, they

estimated the clear-sky ARF over global oceans to range from -8.7 to -5.1 W m-2 at TOA and

from -10.8 to -7.4 W m-2 at the surface. The magnitudes of these ARF are larger than our

calculations. Boucher and Tanre (2000) computed the TOA ARF over global oceans using

the aerosol optical thickness retrieved from the POLDER radiance measurements. They found

that the mean TOA ARF over global oceans is nearly constant (~ -5.7 W m-2) during the eight

months between November 1996 and June 1997. The mean ARF is very close to our result of
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-5.4 W m-2. However, the TOA ARF in the NH is larger than the SH by 2-4 W m-2., which is

due to the much larger POLDER-retrieved aerosol optical thickness in the NH than in the SH

(Deuze et al., 1999). We have not found such a large difference between the two hemispheres

when the SeaWiFS aerosols are used (Table 1).

As can be expected, the latitudinal distribution of ARF changes significantly with

seasons due to changes in the noontime solar zenith angle and the length of day. The upper

panel of Fig. 5 shows the TOA ARF in January and July 1998 averaged over oceanic area of

respective latitude zones. The cooling at TOA in the summer hemisphere is 6-8 W m-2, but

decreases rapidly in the winter hemisphere. Averaged over the year 1998, the two

hemispheres are rather symmetric (lower panel). Maximum cooling occurs at high latitudes

and in the equatorial region. As can be seen from the difference between the forcing at TOA

and the surface, aerosols significantly enhance the solar heating of the atmosphere in the

tropics, with a maximum of ~2 W m-2 at 10˚N.

During the 1997-1998 El Nino period, the big Indonesian fires produced a large

amount of aerosols as can be seen from the upper-left panel of Figure 2. Figure 6 shows that

in October 1997 the ARF in the neighborhood of the maritime continents reaches -10 W/m2 at

TOA and -25 W/m2 at the surface, with an enhanced atmospheric solar heating of 15 W/m2.

This large change in the atmospheric and surface radiation budgets over a large area is

expected to have a significant impact on the regional and seasonal climate. Generally, the

reduced surface heating due to aerosols will reduce the transfer of water vapor and latent heat

to the atmosphere. The atmospheric boundary layer will be more stable and the atmospheric

circulation is expected to be less rigorous. In a GCM study of the climatic implication of

enhanced cloud absorption of solar radiation, Kiehl et al. (1995) found that the extra solar

heating of the upper troposphere due to cloud absorption enhanced the stability of the

atmosphere, weakened the Hadley circulation, and reduced surface latent heat flux. Since the

big 1997-1998 Indonesian forest burning lasted for several months and covered a large area,

it might have a similar effect as the excess cloud absorption of solar radiation in decelerating

the hydrological cycle and in strengthening the drought of the region associated with the El

Nino.
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6. Comparison with CERES clear-sky solar flux

Errors are expected to occur in the model-calculated ARF due to uncertainties in the

aerosol optical thickness, single-scattering albedo, and asymmetry factor, as well as the

radiative transfer parameterization. It is desirable to compare model calculations with satellite-

retrieved fluxes at the TOA. The clear-sky TOA fluxes derived from the CERES on the

Tropical Rainfall Measuring Mission (TRMM) satellite covers a period of eight months, from

January to August 1998.  The data has a temporal resolution of 1 month and a spatial

resolution of 2.5˚x2.5˚ latitude-longitude. The TRMM satellite is a polar-orbiting satellite with

a low inclination angle. The CERES only retrieves TOA fluxes at middle and low latitudes

between 40˚S and 40˚N.  In Figure 7, we compare the model-calculated net downward clear-

sky solar flux with that of CERES (CERES minus model) for January 1998. Near coastal

areas, most of the 2.5˚x2.5˚ latitude-longitude grids of the CERES span both land and ocean,

and F↓  is the average value over land and ocean. It cannot be compared directly with the

model calculations, which have a spatial resolution of 1˚x1˚ latitude-longitude and cover only

oceanic regions. Therefore, we delete those coastal regions with a difference in F↓  greater

than 10 W m-2. As can be seen in the figure, the difference is generally within 3 W m-2. Large

discrepancy is found in the southern extra-tropics where the CERES-retrieved F↓  is smaller

than that of model calculations by >6 W m-2. With the coastal regions excluded, the difference

in F↓  averaged over the ocean from 40˚S to 40˚N is -1.9 W m-2. Considering the uncertainty

in both CERES-derived and model-calculated F↓ , this difference can be considered as small.

7. Conclusions

The direct aerosol radiative forcing (ARF) over global oceans is calculated using the

solar radiation model of Chou and Suarez (1999) and the aerosol optical properties retrieved

by the SeaWiFS. Other data input to the radiation model include the column water vapor

retrieved from SSMI radiance measurements, the climatological monthly mean column ozone

amount retrieved from TOMS, and the temperature field from the NCEP/NCAR reanalysis.
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The aerosol distribution is largely zonal. The large-scale distribution coincides well with

the convergence of low-level winds. Large aerosol optical thickness, τo, is found in the

equatorial region, southern hemispheric high latitudes, Arabian Sea, Bay of Bengal, and the

coastal region of the Southeast and East Asia. Minimum τo is found in the subtropical

divergence zones, especially in the SH. The large τo found in the tropical Atlantic persists

through most of the year. The prevailing trade winds carry the desert dusts across the Atlantic

from Africa to the coasts of Central and South Americas. The influence of winds on the

aerosol distribution is in resemblance of humidity distribution. Aerosol optical thickness is

high in convergence zones and low in divergence zones. Averaged over a year, the mean and

median of the SeaWiFS-retrieved τo at 0.865 µm are both 0.105.

Over global oceans, the annual mean ARF is -5.4 W m-2 at TOA and -5.9 W m-2 at the

surface. The seasonal variation of the ARF is small for global oceans, but it is large for

individual hemispheres. The TOA ARF increases by 33% from October to April in the

Northern Hemisphere and by 50% from July to January in the Southern Hemisphere. The

clear-sky TOA ARF of -5.4 W m-2 is equivalent to a cooling of ~2.5 W m-2 when the fractional

area of clear-sky regions is taken into consideration.  This magnitude of the aerosol cooling

is comparable to the warming due to a doubling of the atmospheric CO2, which is ~4 W m-2.

The ARF during the 1997 Indonesian big forest fires is very large. Over a large area in

the vicinity of the maritime continents, the cooling due to aerosols in the period September-

November, 1997, is >10 W m -2 at TOA and >25 W m-2 at the surface. Aerosols enhance the

solar heating of the atmosphere by ~15 W m-2. The 1997 Indonesian big forest fires occurred

during the 1997-1998 El Nino event, when the maritime continents was under the influence

of subsiding air mass and was in drought conditions. The enhanced atmospheric heating and

the surface cooling caused by the aerosols of biomass burning could have the effects of

increasing atmospheric stability, weakening the atmospheric circulation, and augmenting the

drought condition. It would be interesting to study the interactions between the ARF of the

biomass burning and the dynamics during an El Nino event using climate model simulations.
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Table 1. Aerosol radiative forcing over oceans for 1998. Units: W m-2.
________________________________________________________

January April July October Annual
________________________________________________________

TOA
_________________________________________

NH -5.2 -6.7 -6.1 -4.8 -5.7
SH -6.6 -4.2 -3.9 -5.8 -5.1
Global -6.0 -5.2 -4.9 -5.3 -5.4

Surface
_________________________________________

NH -5.7 -7.8 -7.4 -5.1 -6.5
SH -7.2 -4.4 -4.1 -6.2 -5.5
Global -6.6 -5.8 -5.6 -5.7 -5.9

________________________________________________________
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Figure Captions

Figure 1. The SeaWiFS-retrieved aerosol optical thickness at 0.865-µm compared with that

retrieved from radiance measurements at various AERONET stations.  (From Fig. 26(d)

of Wang et al., 2000b).

Figure 2. The SeaWiFS-retrieved aerosol optical thickness at 0.865 µm (left panels) and the

divergence of winds at 925 hPa derived from the NCEP/NCAR reanalysis (right panels).

Units of the wind divergence are s-1.

Figure 3. Latitudinal distribution of the SeaWiFS-retrieved aerosol optical thickness at 0.865

µm over oceans for the year 1998.

Figure 4. The model-calculated aerosol radiative forcing at the top of the atmosphere (upper

panel) and at the surface (lower panel) averaged over the year 1998. Units are W m-2.

Figure 5. Latitudinal distributions of the aerosol radiative forcing (ARF) at the top of the

atmosphere (TOA) in January and July 1998 (upper panel), and latitudinal distributions

of the annual-mean ARF at TOA and the surface for the year 1998 (lower panel).

Figure 6. Aerosol radiative forcing at the top of the atmosphere, at the surface, and in the

atmosphere for the month of October 1997, when there were big forest fires in

Indonesia. Units are W m-2.

Figure 7. Difference in clear-sky net downward solar flux at TOA between that retrieved from

CERES and that calculated using a radiation model with SeaWiFS-retrieved aerosols

(CERES minus model) for January 1998. Units are W m-2.
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Figure 2 (Chou, Chan, Wang)
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Figure 4 (Chou, Chan, Wang)
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Figure 6  (Chou, Chan, Wang)
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Figure 7 (Chou, Chan, Wang)


