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Large differences in tropical aerosol
forcing at the top of the

atmosphere and Earth’s surface

S. K. Satheesh & V. Ramanathan

Center for Clouds, Chemistry, and Climate (C*), Scripps Institution of

Oceanography, University of California at San Diego, La Jolla,
California 92093 USA

The effect of radiative forcing by anthropogenic aerosols is one of
the largest sources of uncertainty in climate predictions'~. Direct
observations of the forcing are therefore needed, particularly for
the poorly understood tropical aerosols. Here we present an
observational method for quantifying aerosol forcing to within
+5 per cent. We use calibrated satellite radiation measurements
and five independent surface radiometers to quantify the aerosol
forcing simultaneously at the Earth’s surface and the top of the
atmosphere over the tropical northern Indian Ocean. In winter,
this region is covered by anthropogenic aerosols of sulphate,
nitrate, organics, soot and fly ash from the south Asian
continent™®. Accordingly, mean clear-sky solar radiative heating
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for the winters of 1998 and 1999 decreased at the ocean surface by
12 to 30 Wm?, but only by 4 to 10Wm™ at the top of the
atmosphere. This threefold difference (due largely to solar
absorption by soot) and the large magnitude of the observed
surface forcing both imply that tropical aerosols might slow down
the hydrological cycle.

During December to April of each year, the tropical Indian-
Ocean/Atmosphere system acts as a natural experiment for obser-
ving the radiative forcing by anthropogenic aerosols’. The gaseous
and particulate pollutants emitted by the Indian sub-continent and
the south Asian region are transported over the entire north Indian
Ocean by the persistent northeastern low-level monsoonal flow
reaching as far south as 5° to 10°S (refs 7—11). The Indian Ocean
Experiment, INDOEX’, was organized to assess the climatic and
chemical influence of anthropogenic aerosols in this region. This
focused international experiment has been collecting data from
ships, satellites and surface stations since 1996, and culminated in
the intensive field phase conducted during January to March 1999.

The Kaashidhoo Climate Observatory (KCO)™®, established as
part of INDOEX in the island of Kaashidhoo at 4.965°N, 73.466° E
about 500 km southwest of the southern tip of India, has been
continually measuring the aerosol chemical, radiative and micro-
physical properties since February 1998. During the winter mon-
soon, the air mass over KCO mostly (about 90% of the time)
originates from the Indian and south Asian sub-continents'’.
Coincident with the KCO observations are the radiation budget
data from NASAs Clouds and Earth’s Radiant Energy system
(CERES) satellite, with an absolute accuracy of 0.2% or better,
with a comparable precision'>". The KCO data, along with several
ship-borne measurements, have been documented extensively®™'".
The data have also been used to develop a detailed aerosol—
radiation model®. Here we compare the results of this model with
the observed aerosol forcing. The model simulates the observed
surface and TOA solar fluxes to within a few per cent (ref. 8).

The aerosol columnar optical depth at 0.5 um wavelength (7,)
ranges from 0.2 to 0.7 and undergoes significant daily, monthly and
inter-annual variability (Fig. 1), and is a good index for the overall
solar radiative effect of aerosols. The mean value of 7, shown in Fig. 1
during February—March 1999 was ~0.41 compared to the corre-
sponding value of 0.16 during 1998. The variability is much higher
at smaller wavelengths (~0.34 um) compared to near-infrared
wavelengths (~1 wm), indicating that the increase in aerosol optical
depth is dominated by sub-micrometre particles typical of anthro-
pogenic sources. The KCO aerosol measurements® reveal that
sulphate and ammonium are responsible for 29% of the observed
optical depth (7,), sea-salt and nitrate about 17%, mineral dust
about 15%, and the inferred soot, organics, and fly ash contribute
respectively 11%, 20% and 8%. The single scattering albedo, w,
(where w, = scattering/[scattering + absorption]), for the composite
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Figure 1 Temporal variation of aerosol optical depth. The figure shows aerosol optical
depth at 500 nm wavelength for 1998 (open squares) and 1999 (filled squares). During
1998, the observations are available only during February and March.
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aerosol was measured to be consistently in the range of 0.87 to 0.9,
regardless of the large fluctuation in optical depths, indicating a
highly absorbing aerosol. Anthropogenic sources contribute ~60%
or more to the observed optical depths®.

We employ two methods, method 1 and method 2, for estimating
the surface forcing efficiency, f% to reduce radiometeric
uncertainties' (see Methods section for radiometers used). In
method 1, f} is obtained by subtracting the observed solar flux
from that estimated by the model for an aerosol-free atmosphere.
The main uncertainty in method 1 is that instrumental offsets or
bias in the model will bias the forcing accordingly. In method 2, the
aerosol forcing estimated from method 1 is plotted as a function of
the observed aerosol optical depth (Fig. 2a). The slope of the forcing
versus 7, yields the aerosol surface forcing efficiency, f*. The value of
f2 when multiplied by the individual daily value of 7, yields the
aerosol forcing for each day for method 2. The forcing estimated
from method 2 is not influenced by instrumental or model offsets.

Several consistency checks assured us of the robustness of the
observed % values of —70 to —75 Wm™. First, these are consistent
with modelled values (Fig. 2a), when single-scattering albedos were
specified to be within the observed range of 0.87 to 0.9. Second, f?
agreed within 5% when obtained separately for the 1998 and 1999
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Figure 2 Aerosol forcing in the atmosphere. a, The solar aerosol forcing at the Earth’s
surface (broadband and diurnally averaged) as a function of columnar aerosol optical
depth at 500 nm wavelength. The circles correspond to Fyqqq (direct + diffuse) and
triangles correspond to £ s Open symbols represent 1998 and solid symbols represent
1999. The vertical and horizontal bars represent the uncertainties in the forcing and
optical depths, respectively. The surface forcing efficiency, £° is the slope of the surface
forcing with respect to aerosol optical depth. The top of the atmosphere (TOA) forcing
efficiency, £ is the slope of the TOA forcing with respect to aerosol optical depth.
Model_0.9 and Model_087 represent the modelled value of the forcing efficiencies for
aerosol single-scattering albedos of 0.9 and 0.87 respectively. b, The solar aerosol
forcing at the TOA. The vertical bar represents the pixel-to-pixel variability of the TOA
fluxes. Open circles represent 1998 and solid circles represent 1999.
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data. The third check comes from the f? obtained from the spectro-
radiometer (0.4—1.0 pm), which is about —55 Wm ™2 When this
value is multiplied by the narrow-band to broad-band difference (a
factor of ~1.3), it is in excellent agreement with the values in Fig. 2a.
Another check is with photodiode radiometer (0.4-0.7 wm) mea-
surements, obtained during the 1996 cruise of ORV Sagar Kanya,
and which yielded® an f3 of about —40 Wm™ for the northern
Indian Ocean. For this value, when multiplied with the modelled
ratio of ~1.73 for the broadband to visible (0.4—0.7 wm) values of
f3, we obtain —69 Wm™. The similarity between 1996, 1998 and
1999 and between KCO and other regions in the northern Indian
Ocean indicate that the KCO forcing efficiency of =70 to =75 Wm™
is representative of f for the tropical Indian Ocean when it is subject
to polluted air masses.

The four independent observations for the monthly mean forcing
and the model values are in excellent agreement (Table 1). The
aerosols decrease the ocean solar heating by =23 to —37 Wm™ which
is equivalent to a reduction by 10—15%. The collocated clear-sky
forcing at the top of the atmosphere (TOA), estimated from the
CERES radiation budget data'>'®, is plotted against aerosol visible
optical depths (Fig. 2b) to get TOA forcing efficiency, f., of about
—25Wm™, which compares well with the model estimate of about
-22Wm™. Our TOA forcing values are also consistent with the
Indian Ocean values deduced from the Earth Radiation Budget
Experiment data'’. The decrease of 45—50 W m™ between TOA and
surface forcing f.and f2 implies absorption of solar radiation in the
atmosphere due to aerosols. The ratio f¥/fo an indication of the
aerosol absorbing efficiency, is ~3 for the observations (Fig. 2a and
2b) and about 3.4 for the model. A model with just sea-salt or
sulphate aerosols will yield a ratio of only 1.5 (refs 17, 18). When
soot is removed from the KCO model, the ratio decreases to ~1.9.
Thus, although soot contributes only about 10% to 7, it strongly
affects the surface forcing.

For 1998, the mean forcing values in February and March are:
ff=—-12Wm™? and fT= —4Wm™?, and the atmospheric
forcing, f* = T — f5, is +8 Wm™. The corresponding values for
1999 are: f= —30Wm™? fT=—-10Wm * and f*=
20 W m ™ *. How representative are the large forcing values for the
rest of the Indian Ocean?

The high optical depth values shown in Fig. 1 are not unique to
KCO. Satellite measurements over the tropical Indian Ocean'
during the 1998 and 1999 winter months reveal that the northern
Indian Ocean has 7, values exceeding 0.2 for latitudes north of 5° N,
and 7, increases northwards reaching values as high as 0.4 to 0.6
towards the coastal oceans. Ship-borne measurements since 1996
corroborate the satellite data®'°. When this is combined with the f3
shown in Fig. 2, we infer that the surface solar heating during the
winter months may have decreased by as much as 15-40 W m™ over
the northern Indian Ocean, and the lower atmospheric solar heating
increased by 10-30 Wm ™. The atmospheric heating translates into
a diurnal mean heating rate perturbation of about 0.3—1 K d™" with
1-3 K d ™" during local noon which is an increase of 50—100% of the
aerosol-free solar heating.

The large values of negative surface forcing by aerosols and
associated atmospheric heating raise several issues. For absorbing
aerosols, the surface forcing and the atmospheric forcing are more

Table 1 Comparison of the monthly mean surface aerosol direct forcing

Month Method Fiopal flux Fajopal flux Model
Wm) Wm)
February 1999 Method 1 -28.3 -22.7 —24.1
Method 2 —24.5 -23.8
March 1999 Method 1 -37.4 -31.9 -33.3
Method 2 -34.1 -33.0

Faoba is the global flux obtained by adding the direct flux measured by a pyrheliometer and the
diffuse flux measured by a shaded pyranometer. Fjopa is the global flux measured by an unshaded
pyranometer. Method 2 is more accurate since it is not influenced by instrumental biases.
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relevant climate quantities than the TOA forcing, as also acknowl-
edged elsewhere®”. Next, how would the tropical oceans respond to
such a large decrease in surface solar heating? One possibility is that
it might decrease the evaporation (since nearly 80% of the radiative
heating in the tropics is balanced by evaporation') thus decreasing
the intensity of the hydrological cycle. The ocean may also respond
by altering its head transport. Another major question is whether
the low clouds can sustain the intense soot-induced solar heating, or
whether they will burn off. The low-level trade cumulus clouds,
north of the inter-tropical convergence zone (ITCZ), are embedded
within the aerosol layer (Fig. 3), and the low clouds evaporate when
subject to enhanced solar heating®?. Finally, it is uncertain whether
the soot-induced heating can modify the monsoonal circulations.
This question arises because of the existence of significant north—
south gradients in the sooty haze layer across the ITCZ (Fig. 3). Our
results raise substantial new questions regarding the regional
climate effects.

Lastly, we explore the global significance of the present findings.
The large INDOEX surface forcing values are comparable to the
-26Wm™ estimated by the Tropospheric Aerosol Radiative
Forcing Experiment (TARFOX)* for the western North Atlantic
Ocean, off the east coast of the United States. Although TARFOX
estimates are based on only a few days of aircraft data during
July 1996, the close similarity in the surface forcing between the
two oceanic regions both downwind of significant anthropogenic
sources is striking. Direct forcing observations are too few to
make generalizations, but we can speculate from observed aerosol
optical properties. Large aerosol concentrations (7, > 0.15) in
conjunction with absorbing aerosols (w, < 0.95) are required to
obtain the large negative surface forcing and ff” ratio of 3.
Absorbing aerosols with w, <0.95 are typical of biomass
burning®”, desert dust*, and soot from fossil-fuel burning®.
Such emission sources of absorbing aerosols are prevalent in the
Northern Hemisphere?. With respect to fossil-fuel burning,
recent ice-core data in western Europe reveals that black carbon
concentrations have tripled since early 1850 (ref. 27). Clearly, we
are in the early stages of understanding the effects of these sub-
micrometre particles on the temperature and the water cycle of
the planet. O

21 March, 1999: Arabian Sea;
thick haze (9.2°N, 73.5°E)

25 March, 1999: clouds under
thick haze (3.0°N, 74.5°E)

24 February, 1999:
just north of ITCZ;
haze extends up to top
of Cu (0.5°N, 73.3°E)

24 March, 1999;
south of ITCZ;
almost pristine clouds
(7.5°S, 73.5°E)

Figure 3 Clouds in the presence of aerosol. Low clouds over the tropical Indian Ocean
embedded within the aerosol layer: a, b, north of the ITCZ; ¢, near the ITCZ; and d, free of
the haze south of the ITCZ.

62 ## © 2000 Macmillan Magazines Ltd

Methods

The aerosol optical depths were measured using the CIMEL radiometer of the Aerosol
Robotic network (AERONET) of NASA/GSFC as well as a hand-held Microtops radio-
meter. Because of the inherent uncertainties in the radiometric measurements™, we used
employed two independent broadband instrument sets to obtain the solar irradiance, and
two independent analytical techniques to derive the aerosol forcing. In addition, we
employed two spectral radiometers to check the broadband instrument results. The direct
broadband solar flux (0.2—4 pum) was measured by a Kipp and Zonen pyrheliometer
mounted on a Sun tracker. The absolute accuracy of this instrument is *3 Wm2, with a
precision of about 1% per year. A ventilated Kipp and Zonen pyranometer, shaded from
the direct solar beam, measured the diffuse radiation which, when added to the direct solar
flux from the pyrheliometer, gave us our best estimate of the global—direct and diffuse—
solar flux, denoted by Fygopal- A second independent estimate of the global flux, Fyjepa, Was
given by an unshaded pyranometer, which measured both the direct and diffuse radiation.
The pyranometers have an absolute accuracy of about £2%. In addition, the error in the
total pyranometer due to directional response (that is, the detector responds differently to
radiation depending on the incident angle) can be as much as =10 Wm™. A spectro-
radiometer (Analytical Spectral Devices) measured the global flux at 512 narrow bands
from 0.35 to 1.05 wm (ref. 10). We used the bands from 0.4 to 1.0 um in the present study.
A photodiode radiometer (Biospherical Instruments) measured the global flux from 0.4 to
0.7 wm (ref. 9). For the direct forcing, we need fluxes for clear skies which were obtained
using procedures documented elsewhere*'’. The pyranometers and pyrheliometer were
calibrated at Kipp and Zonen, and also at the Climate Monitoring and Diagnostic
Laboratory of the National Oceanic & Atmospheric Administration. The calibration
coefficients between the two sources agree within 1%, and they changed by less than 0.5%
between 1998 and 1999. The direct flux was corrected for the diffuse flux entering the field
of view, and the diffuse flux was corrected for the shading ball and the shading arm. The
shading ball shades the Sun to enable measurement of the diffuse flux from the sky. The
shading arm, which holds the ball, also blocks the diffuse flux. Together this correction is
about 6 Wm™ for overhead Sun and 2 Wm™ when the solar zenith angle is 60°.

The diurnal average fluxes were obtained by fitting the instantaneous clear-sky flux with a
diurnal curve obtained from the aerosol radiation model®. The aerosol-free flux was obtained
from the radiation model®, which employed the observed column water vapour, vertical
profiles of ozone, pressure and temperature. Observed ocean surface albedos' were
employed to convert the downward global flux to net (down minus up) flux at the surface.

The TOA measurements were obtained from CERES on board the Tropical Rainfall
Measuring Mission® satellite which was launched in December 1997. CERES was
calibrated pre-launch, and is calibrated routinely within 0.1% using in-orbit flight
calibration sources'>. CERES measures the radiances, which are then converted to fluxes
using empirical algorithms". The least uncertainty in these algorithms is shown to be for
clear-sky oceanic regions'®, which are the only cases considered in this study. The CERES
pixel size is 10 km, and CERES fluxes were collocated each day (within =20 km; 5 min)
with KCO optical depth measurement. Surface instruments were used to choose the clear-
sky cases. We followed the same procedure outlined under method 1 and method 2 to
estimate the diurnal mean forcing at the TOA.
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Sensitivity of the geomagnetic
axial dipole to thermal
core—mantle interactions
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Since the work of William Gilbert in 1600 (ref. 1), it has been
widely believed that the Earth’s magnetic field, when suitably
time-averaged, is that of a magnetic dipole positioned at the
Earth’s centre and aligned with the rotational axis. This ‘geo-
centric axial dipole’ (GAD) hypothesis has been the central model
for the study of the Earth’s magnetic field—it underpins almost
all interpretations of palacomagnetic data, whether for studies of
palaeomagnetic secular variation, for plate tectonic reconstruc-
tions, or for studies of palaeoclimate’. Although the GAD hypoth-
esis appears to provide a good description of the Earth’s magnetic
field over at least the past 100 Myr (ref. 2), it is difficult to test the
hypothesis for earlier periods, and there is some evidence that a
more complicated model is required for the period before 250 Myr
ago’. Kent and Smethurst’ suggested that this additional complex-
ity might be because the inner core would have been smaller at
that time. Here I use a numerical geodynamo model and find that
reducing the size of the inner core does not significantly change
the character of the magnetic field. I also consider an alternative
process that could lead to the breakdown of the GAD hypothesis
on this timescale, the evolution of heat-flux variations at the core—
mantle boundary, induced by mantle convection. I find that a
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simple pattern of heat-flux variations at the core—mantle bound-
ary, which is plausible for times before the Mesozoic era, results in
a strong octupolar contribution to the field, consistent with
previous findings’.

To test the GAD hypothesis directly it is necessary to have
palaecomagnetic measurements from known palaeolatitudes (the
original latitudes at the time of acquisition of the remanent
magnetization which will have changed because of plate tectonics
and true polar wander). Then, the palaeomagnetic inclination (I)
can be compared with that which would result from a GAD field.
Palaeolatitude can be determined for roughly the past 150 Myr from
plate reconstructions made using the pattern of magnetic stripes on
the sea floor, a process which is largely independent of the validity of
the GAD model. Earlier than 150 Myr ago, there is little remaining
sea floor, and plate reconstructions become much less complete, so
the palaeolatitudes of the samples are poorly determined. Determi-
nation of palaeolatitude must then resort to such proxies as
palaeoclimate’. Although general agreement is found between
these proxies and the GAD model’, the latitudinal resolution of
climate proxies is very limited and departures from the GAD
configuration are possible.

An alternative approach to testing the GAD hypothesis is to
examine the frequency distribution of |I| (ref. 5). Instead of
attempting a test on a site-by-site basis, all the measurements are
compiled and a histogram is plotted of frequency versus |I|. In a
similar vein, here I compare the palacomagnetic inclination mea-
surements with the cumulative distribution function (c.d.f.) for |]|
derived from the GAD model.

In Fig. 1, I compare the [I| c.d.f. for the GAD model with
palacomagnetic measurements from the Global Paleomagnetic
Data Base® separated into two time intervals: the Cenozoic and
Mesozoic eras (0—250 Myr ago), from which we have selected 3,655
measurements; and the Palaeozoic era and Precambrian time (ear-
lier than 250 Myr ago), from which we have selected 3,503 measure-
ments. We exclude any measurements which are clearly the result of
secondary magnetizations. The more recent data conform fairly
closely to the GAD model, though with a small deficit of low
inclinations. On the other hand, the earlier data show a strong bias
towards low inclinations, as previously noted’. A simple measure of
this distinction is provided by the median of |I]: earlier than 250 Myr
ago it is 31° later than 250 Myr ago it is 48°%; and for the GAD model
it is 49°.

Several possible explanations have been proposed for the misfit of
the older data to the GAD model, including sampling biases,
palaecomagnetic artefacts, and departures of the geomagnetic field
from the GAD configuration. Kent and Smethurst’ showed that a
departure of the field from the GAD configuration in the form of an
axial octupole term (of the same sign as the axial dipole and about
25% of its strength) results in a distribution of |I| more closely
resembling that from earlier than 250 Myr ago, though they were
not able to dismiss other explanations. They proposed that this field
configuration may have resulted because the inner core was smaller
then than it is at present.

I tested their proposal using a numerical dynamo model. In Fig. 1,
I show []] calculated using a dynamo model” with the Earth’s current
inner-core radius (approximately 1,200 km) and with a radius 25%
smaller. The smaller radius corresponds to a time roughly 1,000 Myr
to 2,000 Myr ago depending on the heat flux across the core—mantle
boundary®. Both the Earth’s current inner-core radius and the
smaller inner-core radius give distributions which closely match
that of the GAD configuration. I conclude from this that the growth
of the inner core does not seem to provide an explanation for
possible octupolar contributions to the field earlier than 250 Myr
ago. Furthermore, my test is conservative in the sense that an inner-
core radius has been chosen which represents a time much longer
ago that represented by the bulk of the observations from earlier
than 250 Myr ago.
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